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INTRODUCTION

Numerous inves tigations under taken since 1959 have shown that when a

shock wave passes through a junction of dissimilar metals , an emf i s observe d

between the unshocked extremities of the metals. Since the temperature is

elevated in the shocked region , an emf Is expected if the metal pair behaves

as a normal thernic~couple . In every case the observed emf was of the appro-

priate sign but greater in magnitude than would be expected from normal

thermoelec tr ic response to shock compress ion tempera tures. In most studi es

the emf was observed to be between 3 and 6 times too large. A great deal of

con fus ion ex i sts as to the source of the abnormall y l arge response an d the

cause of the general nonreproducibi lity among experiments.

Initially such studies were motivated by the need for a transducer

which would continuously indicate shock strength as a function of time .

Attempts were made to calibrate the voltage output with pressure or temper-

ature but nonreproducibility among investigators has made this impossible.

In some investigations prima ry emphasis was placed on determining the cause

of the abnormally large enif. Some progress has been made but no general reso-

lution of the problem now exists .

The objective of this study was to bring some order into the study of

this effect by carefully measuring the response of a bimetallic junction to a

step pressure pulse using a li ght gas gun and modern high resolution recording

equipment. The experimental program developed in two phases , the first of which

was to develop an experimenta l configuration in which conditions such as junc-

tion quality and shock pressure could be completely determined. It was also 
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necessary to show that no parasitic signals were inadvertently being measured

due to sources oth~r than the junction response. The objective of the second

phase of this program was to use the experimental configuration so developed

to study the junction response over a range in pressures from 145 kbars to

360 kbars , and to compare it to anticipated response based on conventional

static calibrations .

Throughout the course of this investigation , the primary question to

be answered in light of the previous state of confusion was whether the

anomalously high emf and nonreproducibility previously reported were due to

fundamental principles or experimental artifacts. The results reported here

indicate not only that anomalously large emfs were indeed due to experimental

artifacts , but also that the simple measurement of shock compression temper-

ature with a thermoelectric circuit may be possible. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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CHAPTER 1

THE SEEBECK EFFECT AND APPLICATION TO THE SHOCK

COMPRESSED BIMETALLIC JUNCTION

1.1 Thermoelectric Power of Metals.

The present theory of thermoelectricity is neither exact nor complete .

The basic relationship between causes and effects involved are embodied in

the simple l inear Onsa ger rela tions , but an exact theoretical understanding

of the coefficients is precluded by complexities of real materials on the

atom ic scale. The thermoelec tric phenomena , wh ich include the Seebec k,

Pel tier an d Thomson effects, are combinations of more than one process invol-

ving electron diffusion as well as electron-electron , electron-phonon , and

electron-impurity interactions. Although each of these processes can be

treated in a general way with the use of modern quantum mechanics and statis-

tical mechanics , it is not possible , except in rare cases , to predict quanti-

tative results as accurately as they may be measured. At this point in the

development of the general theory, experimental results of thermoelectric

phenomena are being interpreted in terms of the general formalism in order to

gain a fuller understanding of both the theory and the specific properties of

the materials. The objective of the fol lowing treatment is to give a working

understanding of mechanisms known to be active in the materials of interest

in order to evaluate the experimental results of the current investigation in

terms of resu lt s of prev ious wor k un der normal la bora tory conditi ons. Th i s 

.,-~~~~~ _ _ __
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discuss ion w i ll  be l imited to the Seebeck effect in metals with par ti cular

attention given to constantan, an alloy of 55% copper and 45% nickel ~*

The Seebeck effect or Seebeck potential is the electric potential dif-

ference , A~, which exists between the ends of a material in which a temper-

ature gra di ent i s ma inta ined . The common measurement of th is ef fect i s made

using a circuit as in Fig. 1.1 in which two materials with different proper-

ties are used and no current is allowed to flow. The thermoelectric power of

the couple is defined by

B = lim (~q/t~T). (1.1)
- L~T9-O

It is not possible under normal conditions to measure the potential difference

due to a tempera ture gra di ent in a si ngle ma ter ia l because the measuremen t

itsel f i nvolves other materials. It is possible , however , to def ine an

absolu te thermopower by the relat ion

-,. ++E = SVT, (l.2a)

where E is the electr ic f ield in the mater ial an d VT i s the temperature

gradient. In general ~~~ is a second ran k tensor. In any fur ther treatmen t

here, except where no ted , it will be assumed that the materials of interest

are isotropic , an d S can be wr itten as a scalar. Since

E = -V4

Eq. (l.2a) becomes

= -S dT (l.2b)

where c~ is the electric potential .

*The name constantan is conui-~only used for a class of copper-nickelalloys rang i ng in composition from 60%-40% to 50%-5O%, and sometimes inclu-
ding 1% manganese. .

A— - ----- - - . - . .-
~~~~~~

-.,
~~~~~~~~~~

- -- - - •
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- I I

I I 

- Fig. 1.l .--Thermoelectric Circuit through Temperatures
- T andT +~~T.
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- .-..--.-.-- -. ,,— --. .,— -

6
The absol ute thermopower and associated Seebeck effect represent only

one part of a more complex interdependence among temperature gradients, elec-

tric potential gradients , hea t flux , and electr ic curren t. The forma l

re la tions hi ps among these quan titi es are known as the Onsa ger rela ti ons and

will be treated here wi thin the framework of irreversible thermodynamics (see

F Callen 1 ). In the theory of irreversible thermodynamics it is assumed that the

intensive parameters may be defined as they are in equilibri um thermodynamics

as the appropriate derivatives of the extensive parameters, and that there

exist generalized forces called affinities and conjugate fluxes.

In a system in wh ich no vo l ume changes are allowe d , one can wr ite a

general expression for the differential of the local entropy density as

= ~~du - ~-dn - 

~ 
(
~~

-)dnk (1.3)

where ~ is the local entropy density , u is the l ocal energy density , p is

the electrochemical potential per electron , an d n i s the num ber of electrons

per unit volume . The sumation term is included to take into account any

other components such as atomic nuclei which make up the solid.

From Eq. (1.3) one can define an entropy flux density as

-
~~ l~~ p -’-

= fl3u - T U ) n. (1.4)

where and are the energy and electron flux density , respec ti vel y .

The other componen ts , nk, are neglec ted in the fur ther develo pment as they

are considered immobile and thus do not contribute fluxes to Eq. (1.4). In

this way we are neglecting effects due to material motion in this treatment.

The rate of local entropy production is equal to the amount of entropy leaving

the region plus the rate of local entropy increase. Therefore,

• a +
= at + (1 .5)

_ _ _ _ _  a— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
---

~
---.-----— ~~~ _ _ _ _ _
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where ~ is the rate of local entropy production, and a~iat is the rate of

local entropy increase. The appropriate continuity equations for energy and

number of electrons are

O = ~~~~~~ (1.6a )

O + V J  . (l.6b )

From Eq. (1.3) the first term of Eq. (1.5) can be evaluated as

— 1 3u p~~n 1 7 )at - i~~t T a t ~ 
.

By taking the divergence of Eq. (1.4) and using (1.7), Eq. (1.5) becomes

= 
~~ 

(
~~

. + v.3~) - 
~~~

. (
~~~ 

+ v.a )

+ 
~~~~ 

~~~~~ 
- (V 

~~~~~~~~~ (1.8)

The fi rst two terms are zero from the continuity Eqs. (1.6), so that

(v (~) )~~ - (v (
~

-)) .
~~ 

. (1.9)

In a continuous system the affinities of irreversible thermodynamics

are defined as gra di ents of the entropy representa tion intens ive parameters .

In this system the affinities , or general i zed forces , are V(1/T) and

V(p/T). The fluxes are and -J,~. The precedi ng argumen t is g iven to

identify the form of the fluxes and affinities so that the general relation

between fluxes and affinities may be introduced . If it is assumed that the

fl uxes at a g iven Instant depend only on the affinities at that instant , the
— 

fluxes can be expanded In a power series of the instantaneous affinities as

= ~ ~~~~ + ~~~~~~~~~~~~ L1jk~j~k + . . . , (1.10)

L -- 
___
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where represents the affinity conj ugate to the fl ux ~T3

. Tak i ng onl y

the linear term, Eq. (1.10) becomes for the present case

~n = L~1V(~-) + L.j 2V(~ ) (1.lla)

= L~1V(~) + L~2
V(~) . ( l . l l b )

It is easier to work with the flow of heat than with the flux of total

internal energy. Following the same procedure used to define the fluxes in

Eq. (1.4), a heat fl ux can be def ined as

JQ = TJ~ , (1.12)

and by Eq. (1.4), 
-

= - Ii . (1.13)

The rate of en tropy production can now be wr itten as

• 1~~~ 1 +
= V (y)’J~ - (~)VwJ~ . (1 .14)

The fluxes and affinities are now reselected and Eq. (1.11) becomes

-
~~~~~ 

= L11(~r)Vp + L12v(~) (1.l5a )~

JQ = L21(~.-)Vp + L22V(~-) . (l.15b)

The Onsa ger theorem , where no externally applied magnetic field is

present , states that L12 
= L21. For a discussion of the effects of an exter-

nal magnetic field on this relation see Ziman ,2 Chapter XI I .

The coefficients L1~ may be determined in terms of familiar quanti-

ties such as heat conductivity by comparing special cases of Eq. (1.15) with

_ _ _ _ _  ~~~ — 
_ _ _ _ _ _



~~~~ “~~- -,~r.--r , ~‘wr-r - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

9
established physical laws . Using the Onsager theorem, one can then discuss

the more complex combinations of fluxes and -forces in terms of well known

phenomena. As an example, one can find a relat ion between the coeff icients

and the heat conductivity K by solving Eqs. (1.15) under the conditions

that the electric current is zero and

K E _J
Q/VT . (1.16)

The resulting relation is

K = (111L22 - L~2)/T
2L11 . (1.17)

In this way, the three independent coefficients can be determined in terms of

the electric conductivity a, the heat conductivity K , and the absol ute

thermopower S. Equation (1.15) can now be written

-

~~~~~ 

= (‘~-)(~.)Vp - (TaS)V(1) (l.l8a)

JQ 
= _ ( T a

~ )(~.)V~ + (T 3c~S2 + T21c)V4.)

where e (<0) is the charge of an electron .

The thermopower expression , Eq. (1.2b), can be regained from Eq. (1.18)

by using the first of the two expressions and letting the current J~ be

zero , which yields

0 4(~r)dp - 

~ 
)d ( T.) (1.19)

or

= -S dl . (1.20)
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The electrochemical poten tial , p, can be written as a sum of two components,

the electric part and the chemical part, as

= 

~e + 
~c (1.21)

where 11e 
= e4, and 

~ 
depends on temperature and electron concentration .

Equation (1.20) becomes

(~~
) dp~ + d4 = -S dl (l.22a )

or

d4 = -s dl - (h-) ~~ . (l.22b)

The extra term in Eq. (1.22) as compared with Eq. (l.2b) gives rise to the

contact potential or the difference in electr ic potent ial across a mater ial

boundary. This can be seen by integrating Eq. (1.22b) along a small path

across the boundary between two metals I and II so that

- = - 
~~

- (p
~’ 

- p~) . (1.23)

Since temperature is continuous , the other term vanishes in the limit as the

integration path length goes to zero. This contact potential is not measured

explicitly in any thermoelectric circuit as can be seen in the following

example. Consider the circuit of Fig. 1.1. The materials A and B have abso-

lu te thermopowers SA and SB, respectively. The difference in the electro-

chemi cal potential between point a and b is given by the integration of

Eq. (1.20).

I l+E~T 
Ta

- ~b = e f (-SA )dT ’ + e J (-S8)dT’ + 4 (-SA )dT’ . (1.24)
T T+t~T

_ _ _ _ _ _ _  ~~~-—-.- . -  
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Since the temperature and the material are the same at a and b, the chemical

potential 
~c 

is the same at a and b , so that from Eq. (1.21)

- ~b = p - = e(~~ 
- ~b) (1.25)

and therefore

T+~T T
- ~ J (s)dT ’ + .1 (-S~)dT’ . (1.26)

I T+~T

This can be compared with the defining equation for the thermoelectric power

of such a couple , (Eq. 1.1). By combining the Integrals , Eq. (1.26) becomes
T+t~T

- ~b 
= (SA - SB)dT (1.27)

and by comparison with Eq. (1.1)

SA_B = SA 
- SB . (1.28)

It is important to note here that the current which flows in a thermo-

electric circuit is in the opposite direction -from that of the net external

electric field. This has led to a great deal of confusion as to the sign of

the thermoelectric voltage. As is the case in any emf source such as a vol-

ta ic cell or thermocou p le , there is an opposing force within the source which

drives the current in the opposite direction from that of the external elec-

tric field. In a thermocouple the confusion seems to arise because, unlike

ot her emf sources , it is not obvious that the source is anything but a resis-

t ive element of a circuit. In a circuit such as in Fig. 1.1 the entire

circuit , apart from the measur i ng appara tus , can be considered an emf source

with an associated internal resistance much like a battery.

_ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The two basic mechanisms which give rise to the absolute thermopower

in metals , and are represented by the Onsager relations, are thermal diffus ion

of electrons and what is called phonon drag. The thermopower is usually

wri tten as a sum of two terms

S = Sd + Sg 
- (1.29)

where Sd and Sg refer to the diffusion and phonon drag thermopowers ,

respectively. The diffusion process accompanies heat transport by the mobile

electrons , and the phonon drag term is due to an interaction of the electrons —

with heat transport through the crystalline lattice.

The phonon drag thermopower is negl igi ble above room temperature .3

The diffusion part of the thermopower may be discussed in terms of Boltzman

transport theory. For a more complete discussion of this subject see Ziman2

or Mott and Jones .4 The sign if icant resul t is that the parameters a, K , and

S can be determined in terms of the Fermi energy, ~~, the Bol tzman cons tan t,

k, and the temperature , 1. It can be shown that

a = e2K0 ( l . 30a)

K = (l /T )(K 2 
- K~K

1 ) (1.30b)

S = 
~~~~~

- K1 K
1 (1 . 30c)

where

K~ = {(c-~~ 
a(c) + ~~~

— k2T2 [(c-~)
’
~ ~~~~

) + . . . }. ~~~~
. (1.31 )

Here a(c) is to mean the electrical conductivity which one would calculate

if the Fermi energy of the metal were c. The Mott expression for the thermo-

power is obtained by substituting K1 and I(~ into Eq. (l.30c ) and

_______ - . ..~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~ S _ - _ _ si4
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retaining only the terms to first order in kT/r. The result is

S — 
1T 

_ _ _ _  1 3 2
- d 3e ‘ a~ ‘ r~~

It has been shown2 that for a free-el ectron metal the logari thmic deri vative

in Eq. (1.32) is just l/~ for T<<OD and 3/~ for T > 0
~ 

where 0
~ 

is

the Debye temperature . Equation (1.32 ) becomes

2 2
Sd 

I T k T  1
~
<<0D (1.33)

2k21TT

e~ T > (1.34)

This expression gives a thermopower of about 1 pvol t/°K at room temperature

for reasonable values of the -Fermi energy. The linear dependence of S on

T has been shown for high temperatures (above eo) in most metals. Although

more accurate expressions for the therrnopower can be deri ved by considering

the electron-lattice Interaction more carefully, one cannot at this time pre-

dict the thermopower quantitatively to the accuracy of exper imen tal results

above room temperature.

1.2 Shock Compression in a Thermoelectric Circuit.

Consider the experimental configuration illustrated in Fig. ,1.2. A

shock wave is propagating away from the j unction in both copper and con-

stantan. It wil l be assumed that no pressure relief takes place from the

edges behind the shock although no means of support is shown. The junction

will be considered as a perfect plane dividing the two materials. The fol-

- - lowi ng discussion wi l l  be based on th i s rat her unreal ist ic conf igura tion and

a comparison will be made later with the experiments actually performed. 

~~~~~~~~~~~~~~~ —-~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
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Junction
Copper Consfontan

C);OE)
Advancing

shock

A B

Fig. l.2.--Idealized Configuration for
Bimetallic Junction Experiments .
The shock waves are produced by
plane impact of the two componen ts.
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The measured quantities in-this idealized experiment are the emf

between A and B (Fig. 1.2), and the velocity of the impactor. The velocity

of the impactor is used with the Rankine-Hugoniot jump conditions , an d known

empirical relations between shock velocity and particle velocity for each

mater ial , to obtain the pressure behind the shock front. Pressures and

temperatures obtained for various impactor velocities will be discussed in

the following section. At this point -it will be assumed that the temperature

is elevated in the metals due to shock compression so that an emf of thermo-

electric origin is expected .

The predicted thermoelectric emf can be obtained from an i ntegration

of Eq. (l.2b), where s = S(T ,P) is a function of temperature and pressure.

Figu~e 1.3 ill ustrates the temperature profile for this idealized experiment.

Since S(T,P) will be different for the two metals , the integration from A

to B of Eq. (l.2b) can be written as

T~
GB-A ~B - 

~A _ f S ~u(T’
~

P) dT’ _ J S CO (T
~~

P ) dT’

~ region I reg ion II

_ J scu (T’,P) dT’ (1.35)

° regi on I I I

where T0 is the tempera ture of the mater ials before the exper imen ts, and -

is the temperature at the junction measured in degrees Kelvin. The sub-

scripts Cu and Co refer to copper and constantan , respectively, and GB-A
is defined as the potential difference 

~B - 

~~ 
If S(T ,P) were known for

each region along with the functional relationship between pressure and

_ _  
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Region I i Region Ii Region

Solder
C 

Copper Cons tant an connection

Advancin ( i AJ~ancing
shock sh ock

T~-r 
_ _ _ _

‘Cu -

~~ ~~~~
1 Co l

T~ T~I- I

DiStance

Fig. 1.3.--Temperature Profile for Idealized Experiment. 

- - -~~~- - - ---—-~~~~~—~~ -—~~ - -—-~~~ --- -—------—-~~~~~~~~-—-— . -- ~_



- - - - —~~ --r - -

17
tempera ture , the integration could be performed and the results compared

directly with experimental results . However, empi r ical rela tions wh ich are

availabl e for thermopower as a function of pressure and temperature i nvol ve

particular thermoelectric circuits , so tha t S(T ,P) can be obtained only by

careful exam ina tion of these ci rcu i ts.

- - To understand the dependence of the thermopower on pressure , consider

the thermoelectric circuit of Fig. 1.4 made up of a wire of a single material .

Using Eq. (l.2b) the measured emf can be wri tten as

~C-D 
= - J S(T ’,P) dT ’ (l.36a)

or

12

~C-D = - JS(T”~ P=0)dT’ - .JS(T1~ P=P1 )dT
1 

- JS(T1~ P=0)dT
1 . (l.36b)

T0 1 12

Combi n ing terms the equa tion becomes

T1 12

~C-D 
= - f S (T ’~ P=O)dT ’ - fS(T1~ P=Pl )dT

1 . (1.37)

T2 T1

if we assume a linear dependence 0-f S on pressure in the form

S(T ,P) = S(T ,O) + r~P (1.38)

where r~ is a constant , Eq. (1.37) reduces to

11 T2 12

~C-D 
= - JS(T’~O)dT’ - JS (T1~ 0)dT

1 
- JnP1dTI (l.39a )

12 T 1 T1 

-_-~~ — -~~~~~~~~~~~~~
- - ——~~~~~~~~~~ --—----— ~~~~~~~~ - - - -.—-- -— —-~~-~~--- --~~~~ ---- — - --
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T0 C
— To Potentiometer

_

Pressurized
region P1 

I

— — ~—Sing ie continuous
IT’ mater ia l

Fici . l.4.--Thermoelectric Circuit through Pressurized Region .
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Or 

~C-D 
= -riP1.(T 2-T1) . (l.39b )

From experiments done by Bridgman5 up to 12 kbars and Bundy6 up to 72 kbars,

the constant ri can be evaluated for both copper and constantan as

= 0.026 pv/kbar °K

~Cu = -0.002 pv/kbar °K

Equation (1.35) can now be simpl i fied in terms of this pressure dependence as

T0
GB-A 

= - 

f~~Cu P + SCu (T’,O)]dT’ - 

J
ET1CO

P + SC0(T ,O)]dT . (1.40)

Ti T~

Since in the shock front the system is not in thermodynamic equilibri um , it

is not clear that a temperature-pressure dependence is meaningfu l . However,

as an approximation , the irreversible thermodynamic definition of temperature

as the local derivative of internal energy will be assumed , and a l inear

dependence of temperature on pressure will be used in the form

- T
T - T  = 

F 0 P .  (1.41)
0 rF

Here TF and 
~F 

are the equilibri um values behind the shock. Equation

(1.40) becomes

T ICu (T’ -T )

B-A = - J ‘~Cu~Cu (T Cu~To) 
dT’ - Jn Cu PCUdT’

TCu

T T
0 (T ’ -T ) Co

- 

T
~
o

1::PC0 (TC0-To) dT’ - T~ nCOPCOdT’

- 

- 

.J~~
Cu (T’~0) 

- 5Co (T’,O)]dT (1.42)

L - _ _ _ _  -
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where = 

~Co 
= final shock pressure ; 

~~ 
and T

~0 
are the shock temper-

atures in copper and constantan respectively. The first and third terms are

integrations over the shock front where the above temperature-pressure depen-

dence appl ies. The second and fourth integrals are along the temperature

gradient due to the difference in shock compression temperatures of the two

metals where the pressure is constant. This expression can now be simpl ified

as

T T I I
‘I’ - p IT Cu O \ + ~ 11 Co o

~Cu Cu ’ J 2 2 / 1Co Co ’ J 2 2

- JSCu CO (T
~~
O)dT’ (1.43)

I0

where Scu_co (T’,O) = S
~u

(T
~~

O) - Sco (T ’ ,O) is the thermopower defined for a

copper-constantan thermocouple at zero pressure as in Eq. (1.1). The cor-

rection calculated in this way for the pressure effect corresponds to about

an 8% decrease in the expected emf at 300 kbars. It remains only to find the

temperatures TCo~ TCU , an d TJ as func tions of other shock parameters an d

Scu....co(T) in terms of a known empirical relation to estimate the emf observ-

able in shock experiments. The temperatures involved will be treated sepa-

rately in section 1.3 and SCU Co(T) can be easily obtained by the following

argument .

Consider the thermoelectric circuit of Fig. 1.5. The emf at the

potentiometer is given by

GE-F 
= 

JScu co(T’)dT’ (1.44)

---

~

-

~

-

~

- - - - - - - -

-~
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T
- 

- 

S — — —

— I 
~~

\Copper

Constontan \
—> Potentiomet er
F

— — ~~~ 1 Copper

I I
I I

I I
T0

Fig. l.5.--Copper-Constantan Thermoelectric Circuit
through Temperatures T0 and I.
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from Eq. (1.1) so that

5cu c o~
T
~ 

= 

~~ J Scu_co (T’ )dT ’ = 

~~ ~~E-F~~ 
(1.45)

It is assumed here that T0 is a constan t, which implies that SCu_Co (T)

depends on the reference temperature. The materials used in these experiments

were tested for thermopower in this type of circuit wi th I0 = 23 ± 2°C which

was the same as for the shock experiments.

The emf was measured for the materials used here by a method

similar to that of Nagy and Toth.7 An empi rical relation for 4(T) was

obtained in the form

~E_F
(T_b

o) 
= Q(I-T0) + R(T-T0)

2 (1.46 )

where Q and R are constants. The data and the values obtained for Q

and R are given in Appendix A. The thermoelectric power of this couple can

now be written as

S
~u_~o

(T) = Q + 2R(T-T~) . (1.47)

In sumary, the calculated emf for this i dealized shock experiment

can be obtained by evaluati ng Eq. (1.43) where 
~Cu ’ ~Co ’ an d SCU_Co can be

determined in independent experiments and 
~~ ~~ 

TCU , TC0’ ~ 
and

are known or can be estimated from measured quantities. A method for esti-

mating 
~~ 

TJ~ an d TCu is given in the next section . This idealized

experiment will be compared to the actual experiments when they are described

in Chapter 4.

~ 

-~~~ --- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . ~~~ill~~~
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1.3 Temperature in Shocked Copper-Constantan Couple.

In this section an estimate will be made of the temperatures TCo ’
TCU) and T~ indicated in Fig. 1.3, based on a modified Christian and Walsh

techn ique. 8 The temperature at the juncti on will be treated in terms of an

initial step temperature profile wi th subsequent heat flow to produce a fixed

temperature at the interface which depends on the diffusivities of the

materials.

The temperature rise due to shock compression of a material may be

estimated by inverting and integrating the expression

d~ = (
~~
)vdT + (~~-)1dv (1.48)

or

d~ = F Cv dl + ~ c~, ydv (1 .49)

where ~ is the entropy density and y is the Grüneisen parameter.

In a shock process there is entropy production due to plastic defor-

mat ion as well as hydrodynamic compression , so that

d~ = d~1 + d~2 (1.50)

where

d~1 
= 

~~~~ (dv - v 
~~

) (plastic deformation9) (1.51)

and

~ x4x ~ v - v  dP
dF
2 

= 
T

HEL [1 - ~HE~ (- -~~ )]dv (hydrodynamic) (1.52 )
x XHEL

where p,~ -Is the component of pressure in the shock propagation direction

and the subscript HEL refers to the Hugoniot elastic limit. In the first 

~~~~~~~~~~ -— ~~~~- - -~~~ —- - -~~~~~
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expression t is the maximum resolved shear stress, and ~i is the shear

modulus. The second expression is the direct result of the Rankine-Hugoniot

relation

(E - E0 ) = 
~~ P~)(v~ - v)/2 (1.53)

and the general thermodynamic relation

d~ = dE + dv . (1.54 )

Using the expression for d~ along with Eq. (1.49) and differentiating wi th

respect to v , one obtains

~i+1 T =dv v 3 C
~~’ ~~dv

v - v  dP
+ ~~~~~~~~ (P — P )[l - ~~HE 1~ 

~~
- -.

~~~
)) . (1.55)

To integrate this differential equation one must assume a dependence of y

and c, on volume. For this estimation it will be assumed that y/v and

C
~ 

remain constant. The constant y/v will be designated as G, thus

C i/v = y0/v0 . (1.56)

The right side of Eq. (1.55) will be designated as F(v) so that the equa-

tion can be written simply as

GT = F(v) . (1.57)

This equation has the solution

T = e~~ 
vo )T + e-Gv J e~~~F(v ’ )dv ’ . (1.58) 

~~~ -~~~~~~~~~~~~~~ -—---— ~~~~~~-—---- - --- ~~~~
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Integration of this expression was done numerically by the appl ication of

Simpson ’s Rule. The pressure as a function of volume along the Hugoniot is

calculated point by point using published tJ 5 -U~, relations and the Rankine-

Hugonlot jump conditions.1° (See Append ix B.)

Work hardening during the shock process could be included by letting

t be a function of volume . If one assumes the same dependence of T as

woul d be observed for quas i sta tic stra in to low pressure , T has the form

T = + ~~~
- [ln(v /v~)] (1.59)

which is derived from the single yield equation

V = V0 + H(c5 
- c~~~ ). (See Appendix B) (1.60)

Here is strain in uniaxial stress , V is the yield stress , and H i s a

constan t. In Appendix B a comparison is made of temperature estimates with

and without a work hardening correction. The correction is only about 1% at

300 kbars. The values of H measured here are 15.5 and 3.74 for copper and

constantan , respectively. The Hugoniot elastic limit for copper was taken

from published measurements of elastic precursor amplitudes. In constantan ,

the Hugoniot elastic limit was estimated from the quasistatic yield stress

and elastic constants obtained from ultrasonic sound speed measurements . For

a linear elastic isotropic solid

= ~ 
1-v (Ref. 9) (1.61 )xHE L - V

where V is again the yield stress in uniaxial stress and v is Poisson ’s

ratio. Appendix B includes the values for all of the parameters necessary

in these calcula tions , as we l l as resul tan t temperature estimate~s for var ious

— _~~~~~~~
_ f — -~~~ - -— _ -  ~~ - — _._~~~~~~~~__ _  - —  - .~~~~ A i !  -~~~ - -~~-
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pressures . The temperature estimates for shocked copper of Rice , et al . 
-

are also l isted in Appendix B for comparison.

In the region very near the junction , a step temperature profile

exists just after the shock transit throug h the junct ion as i l lus trated in -

Fig. 1.6. The temperature at the interface is time independent and given by

Carslaw and Jaeger 11 as -

T -T
T — T  Cu Co 1 6 2  -

J 
— 

Cu 1 + 8

where B is given by -

B = 
Cu (Co)1/2 ( Cu ) l/2 (1. 63)KCO Cu K

CO -

In this expression K and D are heat conductivity and diffusivity , respec-

tively. The approximation holds where the density and specific heat are

nearl y equal , wh ich i s true for copper and constan tan. The conduc tiv iti es

for copper and cons tan tan at 100°C are 3.88 watts/cm°C and 0.212 watts/cm°C ,

respect ively, so that 8, which will be assumed independent of temperature is

B 4.3 (1.64 ) -

The temperature at the junction is now -

T -T  -

I 
— T Cu o (1 65)J Cu 5.3

The tempera tures necessary to pred ict the thermoele ctr ic response of

a shocked j unction of copper and constantan are estimated by using Eq. (1.58)

for the temperature behind the shock , TC0 and TCu ’ and by us ing Eq . (1. 65)

for the junction temperature TJ. 

- -  - -
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Fig. l.6.--Teniperature Profile Near Junction Just after Shock
Compression. The dotted l ine represents the tem-
perature profile due to heat conduction . The
temperature l
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is independent of time.
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CHAPTER 2

REVIEW OF PREVIOUS WORK

Experimental results from previously reported studies of j unction

response to shock compression are summarized in Table 2.1. The materials

used and the method of forming the junction are listed , as well as the mea-

sured emf and shock pressure. Entries are listed in chronological order by

reportin g date. In some cases the au thors have compared the measure d emf to

a calcula ted emf based on a normal thermoelectr ic response to shock loa di ng .

This calculated value is listed for comparison as it appeared in the original

reports. In some cases where the thermopower is known and this comparison

was not made , we have included a value in parentheses for comparison . Since

objectives and experimental procedures vary widely among investigations , a

few comments on each study are given here.

Jacquesson12 reported voltage-time profiles in experiments designed

to measure the pressure profile in copper by inserting a thin constantan

ribbon between pieces of copper. He concluded that the emf was very large

compared with norma l thermoelectric response , but that some indication of

the pressure-time profile could be obtained qualitatively. The actual emf

trace , however , includes large positive and negative excursions and in

general cannot be correlated with the expected pressure-time profile.

Ilyukin and Kologrivov 13 conducted a series of experiments in which

a disk of nickel was soldered to the back of a larger disk of copper wi th no

radial support. The emf values observed correspond to a temperature of 

-~~-—-~~~~~-—-~~~--- - - -— --~~~~~- ~~~~~~~~------- - . - -—- - - - - -  
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1000°C for a set of experiments in which the pressure was 130 kbars and

1600°C for experiments at 300 kbars. It was assumed that the indicated

temperature closely approximated the actual temperature rise in the solder.

This interpretation , which assumes no fundamental anomaly of the Seebeck

effect in the shock env i ronment , may be val id; however , the ratio of the

“measured temperatures ” in the two sets of experiments is too small compared

with the ratio of pressures for any reasonable equation of state for solder.

Doran and Ahrens~
4 reported data for a series of experiments in which

the junction area was varied from 0.2 mm2 to 285 mm2 and the materials making

up the junction were varied . Signal ampl i tudes for different couples were

reported to be in the same ratio as their zero pressure thermopowers, but a

close correlation is not obvious from the reported data. No definite relation-

ship between junction area and amplitude was found. A partially successful

diffusion-welding process of the junction resulted in a lower emf in one of

two experiments. The authors concluded that the emf is probably of the same

orig in as the normal thermoelectric effect and that it is more nearly propor-

tional to pressure than tempera ture. In these exper imen ts, as in the previous

study by Jacquesson , only the peak ampl itude was reported and compared with

the expected emf. This is due primarily to the use of explosive shock gener-

ation in which only the initial pressure is wel l known .

Palmer and Turner’5 conducted a series of experiments in which a

constantan wi re was soldered to the back surface of a copper plate being

impacted from the front. The pressure behind the shock was varied from 40

kbars to 300 kbars . The voltage-time profile reported shows a 2 psec rise

time of the initial voltage and a 20 i~sec pulse with random excursions of up

to 50% of the peak value . The authors concluded that the emf was a function

of final shock pressure and thereby could be used to indicate shock strength 
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qualitatively. It is not obvious that the reported voltage profile can be

interpreted in this way. The high shock pressure in a soldered junction of

this type should last only a few hundredths to a few tenths of a microsecond ,

depend i ng on d imens ions and conf igurat ion of the solder connec tion.

Crosn ier ~ ~~ l6 reported data for several different couples . The

junctions were formed by placing a disc of one material on the back surface

of the other wi th no radial support, or by plac i ng a rod of one mater ial i n

an insula ted hole in the other. The aut hors concluded that the emf was due

to a vol tage source of low Internal resistance, and that the junction behaved

qualitatively like a normal thermocouple. It was concluded that the emf was

proportional to the pressure up to 1600 kbar~, and that the emf was of such

large magnitude that no classical interpretation was possible. It was pro-

posed that the emf could be due to the formation of an electronic hot gas

with a much higher temperature than the crystal lattice. Although these

experiments were done with and without radial pressure support behind the

shock wave in the active elemen t, no mention is made of the effect this has

on the observed emf.

In 1967, Migault and Jacquesson17 proposed a theoret ical ex plana ti on

for the abnormally large emfs observed in their previous experimental program .

The theory is based on the radiation pressure exerted on the conduction elec-

trons by phonons created in the shock front. An estimate is made of this

effect assuming all of the increase in internal energy is in the form of

longitudinal phonons polarized in the shock propagation direction. This

theory is said to explain the experimental results in the pressure range from

80 kbars to 300 kbars.

Conze ~~~~~~l8 proposed another theoretical explanation of the

abnormally hi gh emfs in this type of experiment. The theory is based on an
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elevated temperature of the electrons above the lattice temperature coupled

with an electronic imbalance due to phonons created in the shock front.

Severa l exper iments were also con ducted, includ ing one i n which mercury was

used to make the contact in the junction . Results of this experiment were

reported to be identical to those in which the surfaces were simply pressed

together. The one reported data point is given in Table 2.1.

Buzhinskii and Samylov~
9 conducted a series of experiments on a copper-

nickel junction made from disks by polishing the mating surfaces or diffusion-

welding the disks together. No distinction was made in the reported data

between these two types of junctions. Results are given in the table for

thirteen separa te exper imen ts at the same pressure. The di ameter of the

junction was varied from 20 m to 32 m with no significant change in the

out put. The mean measured tempera ture was reported to be 60% greater than

the calculated temperature. Al though a lot of scatter is present in the

data , which may be partially due to differences in shock pressure, the

lowest reported emf values are within 15% of the expected value . No indi-

cation is given as to which experiments were done with the wel ded junctions.

These results suggest that the hi gher emf values observed previously may be

due to an experimental artifact rather than to a fundamental phenomenon such

as a high electron gas temperature.

Lascar and Duage2° conducted a series of experiments on the copper-

cons tan tan junct ion to local ize the source of the abnorma l emf. In one

ser ies of exper iments, the constantan was preheated to reduce the final tem-

perature difference between the materials. This had only a “slight effect”

from 0°C to 150°C preheating . In another series, the junction was diffusion

welded with an interdiffusion layer of 100 ii and an alumina ceramic insulator

was used around the copper element, which was inserted in a hole in the 
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constantan. No actual data are given for these experiments . The authors do

not draw any specific conclusions from this experiment , but the qualitative

sketch of the voltage-time profile shows a relatively small initial step in

emf followed by a ramping . Without more specific data, an interpretati on of

the significance of these results in terms of our observations is impossible.

The authors conclude that the abnormal emf is not l ocalized at the junction

or i n the shoc k fron t an d therefore , the emf source must be distributed in

the bu lk of the mater ials mak ing up the junct ion. Thi s conc l us ion does not

appear to be justifi ed by the qualitative results reported.

In 1970 Jac quesson ~~~~~ 2l reviewed the results of previous experi-

ments in th i s area , and reiterated the conclusion that the emf has a linear

— pressure relation in this type of experiment in the form E(mv) = 0.145P

(kbars) + 11. No reference was made to the generally lower results of

Buz hi nsk ii and Samylov~ Some new exper iments were conduc ted in whi ch the

plane of the advanc ing shock fron t was perpend icular to the junc tion plane.

In these exper imen ts, the emf increased monotonically with time and reached

a maximum when the entire junction was pressurized . The final emf was

reported to be the same as in the case where the shock front and junction

plane are parallel .

The results by M i neev ~~~~~~~ on the lanthan ides ytterbi um , euro pi um

and cerium are included in Table 2.1. The junctions were made by pressing

1-2 cm disks of the sample on the back of an aluminum buffer plate . The

authors conclude that the measured emf is not connected with contact poten-

tial effects and is principally due to volume redistribution of charge in

the shock front.

Bordzilovskii et ai. ,23 conducted a series of experiments in which

the angle between the plane of the junction and the plane of the shock-wave
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was varied . The rise time of the measured emf was equal to the time neces-

sary for the shoc k wave to sweep across the junct ion. The au thors conclu de

that the emf is due to an internal contact potential difference mechanism.

The data reported for copper-nickel and duralumin -nickel , where the incidence

angle was zero , are Included in Table 2.1. In another set of experiments 24

using an external shunt of low impedance , the authors concluded that i nterna l

res i stance of th is emf source was about l O_2 Q for a contact area of 78.5 mm2

and was inversely proportional to the area . The objective of these studies

was to characterize the electrical response of a junction in order to use it

as a pressure-time profile transducer. No attempts were made to determine

the cause of the large emf as compared wi th the normal thermoelectric

response.

In 1972 Migault et al.,25 gave a modified theoretical treatment of

the response of a bimetallic junction to shock compression . The theory takes

account of the radiation pressure of the phonon gas generated by the shock.

The resultant effect is found by a resolution of a coupled set of linearized

Boltzmann equations for phonon and electron distributions. The proposed

theory purportedly explains the high observed emfs in the pressure range

from 0 to 300 kbars. Again , no reference i s ma de to the lower emf va l ues

observed by Buz hi nsk ii and Samyl ov , which would not agree with this theory.

In 1974 , Bordzilovskii ~~~~~ 26 reported using a copper-constantan

junction to measure a pressure profile in copper. The pressure wave in

copper was produced by impacting a flyer plate on an intermediate l ayer con-

si sti ng of pol ystyrene foam , liquid nitrogen or liquid hydrogen . The junc-

tion was made by pressing a constantan disk of 6 mm diameter on the back

surface of the copper plate. The emf-pressure calibration curve which was

used i s given in Table 2.1 and was apparently measured in a separate set of

— —
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experiments. The authors conclude that the recording method is satisfactory

to within 10-15%. However, the authors did note a discrepancy of as much as

65% between the calculated and measured final pressures. The reported

voltage-time profiles do not appear to be consistent with the conclusion that

a d i rect measuremen t of pressure was being made .

Nesterenko et a l . ,27 and Nesterenko 28 conducted a series of experi-

ments using various pairs of metals. In one series on copper-nickel at

400 kbars, half of the experiments were done with emery-polished surfaces and

the other hal f were done us i ng “rough” surfaces. The polished surfaces

resulted in 40% reduction in ampl i tude. The authors conclude that the hi gh

emf measured in this type of experiment is due to a high nonequi librium con-

tact temperature .

In summary, the results of previoi.~s studies in this area are con-

fus ing , but some conclusions can be drawn . The emf is of the appropriate

sign to be inter preted on the bas i s of a normal thermoelec tr ic response to an

elevated temperature. The emf observed in every case is higher than predicted

on a thermoelectric basis , but the discrepancy var ies from as li ttle as 15%

in some experiments by Buzhinsk ii et al., 19 and Nes terenko 28 to as muc h as a

factor of twenty or more . Th i s also i ndi cates the general nonre produc i b i l ity

which is evident both among different investigations and wi thin any particular

investigation . Nesterenko has shown that when polished surfaces are used at —

the interface , the resultant emf is lower than when rough surfaces are used .

The resul ts of diffusion-welding the junction are not conclusive but suggest

a lower resul tant emf. Signals are generally not steady in time and are

usuall y noisy . The investigations which have been undertaken up to this

point have been directed toward either the characterization of this effect

to make it useful as a pressure trans ducer or towar d the resolu tion of the - - 

—---—— -- S ~~~~~~~~~~~~~~~~~~~~~~~~~~ - —---—- -~~~~~~~~~~~~~
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- conflict between the predicted and observed resul ts. In the f irst case the

nonreproducibili ty among investigators puts the results in doubt ; and in the
second case, the resul ts and conclus ions among au thors vary w idely and no
general resolution of the problem exists.
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CHAPTER 3

SOURCES OF ANOMALOUS EMF

In the first phase of the present program an experimental configu-

ration was developed in which the measured emf could be predicted by direct

compari son with the idealized experiment of Chapter 1. This was done by

recognizing and eliminating any mechanism that would cause an emf to be mea-

sured which was not associated with the junction response to shock compres-

sion as discussed in Chapter 1. Only the fruits of this effort, specifically

the three mechanisms wh ich were i sola ted , will be described in this chapter.

The details of the associated experiments will be included in Appendices C,

D, and E. The final configuration wi ll be described in Chapter 4.

3.1 Electrical Noise Observed When Circuit Is Compjeted during
Shock Experiment.

We have observed that when a low impedance circuit (~O.l ohm) is

completed during a shock experiment electrical noise is observed in the cir-

cuit. In a thermoelectric experiment the two possibilities for this to be

observed are when part of the eventual circuit is in the projectile, or when

a small gap between components is closed by a shock wave. In either case the

resulting noise Interferes with the measurement of the thermoelectric emf.

Buzhinskii and Samylov19 observed that when a shock wave passes

through a series of disks that are nomi nally in contact, an d elec tr icall y in

series with the recording instrument , a noise spike is observed for each

interface. The details of the experiment and the amplitude of the noise

_________  
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were not given . In much of the previous work (see Chapter 2) the thermo-

electric circuit was prepared by simply holding the elements in contact. In

studies where only the initial peak signals were reported, the values may be

anom al ous because of the simul taneous no i se.

In ex per imen ts done here, thi s type of no i se was observed when

attempts were made to complete the circuit at impact. The objective was to

have one part of the bimetallic pair in the projectile and thus produce sym-

metric shock waves in the two metals as in the idealized experiment of

Chapter 1. Severa l ex per imen ts were conduc ted to inves tig ate the prob lem an d

the details are given in Appendix C. Al though the fundamental source of this

no i se is not well un derstood, we consistently observed a non-zero signal from

as much as 5 psec before impact. At impact a positive and/or negative spike

greater than 100 my was observed and a high frequency (>50 mHz) noise per-

sisted for up to 0.5 ~isec after impact. Initially our efforts were directed

toward minimizing or eliminating this problem using electrical and magnetic

shielding techniques , but we eventually concluded that closure of the circuit

at impact must be avoided completely to elimi nate this problem.

3.2 Effect of Shock Demagnetization.

In several earlier studies involving the shock loading of bimetallic

junctions , a ferromagnetic material , iron or nickel , was used as one of the

active elements .~
3’’4 ’~

6 ’19 ’27 ’28 It has been shown in numerous investi-

gations that ferroma gnetic mater ials un dergo a demagne ti za ti on process u pon

the passage of a strong shock wave.29 33 It is necessary , therefore, to

determine what effect the change in magnetic state has on the results of such

ex per imen ts.

The following mechanisms for shock induced demagnetization have been

identified :29

~
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1. First-order phase transitions from ferromagnetic to

non ferroma gneti c phases suc h as in i ron.

2. Second-order phase transitions between ordered and dis- 
-

ordered states in combination wi th a l owering of the

Curie temperature and shock heating .

3. Strain induced magnetic anisotropy in which the direction

of shock propagation becomes an easy ax is. Th is lea ds to

an effec tive demagnetiza tion in the transverse di rection.

Iron was used in onl y two prev ious invest iga tions 14 ’~
6 and was not

given pr imary cons idera tion in either study . Since no wor k was done here

involving i ron , attention will be focused on the shock demagnetization of

nickel . There are no known first-order phase transitions in nickel below

500 kbars thus eliminating the first possible mechanism.

Experimental evidence of some form of demagnetization process in

n ickel was seen by Wong 34 at 23 kbars in the form of an eddy curren t sp ike

i n a res i sti vity measurement. It would not be poss ib le to conc l ude from thi s

type of experiment which of the two mechanisms listed above is active .

Although no study of the third mechanism has been done using nickel ,

a realignment of the magnetization along the shock propagation direction has

been observed for other materials , incl uding nickel ferrite and yttrium iron

garnet.29’30

Grady et al. 3’ have shown for polycrystalline materials that the

direction of magnetization is determined by a minimizing of the interna l

energy expressed as

2E = _H
e•M + Besin 0 (3.1)

where E is the internal energy , i
~e i s the external magnetic field , M is

- ~~~~ ~~~~~~~~~--—-~~- ~~ - - -~~~~
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the magnetization , e is the uniaxial strain , 0 is the angle between the

direction of the applied field and the direction of the magnetization , and

B i s a cons tan t defined as

B = (-3/5)[(C 11 - C12)y100 + 3C44y111 ] . (3.2)

Here C~ and 
~-Ijk are the elastic and magnetostrictive constants , respec-

tively. The internal energy, E, is a sum of the mechanical elastic energy,

the magnetoelastic energy , and the energy due to interaction of the external

magnetic field and the magnetization .

The experiments to measure this effect are done by magnetizing the

sampl e in a direction perpendicular to the shock propagation direction with

an external field. When the shock propa~ates through the material the magne-

tization direction changes to minimize the energy in Eq. (3.1). When B is

positive , as is the case for nickel ferrite, YIG , and nickel , the second term

in Eq. (3.1) is minimized when 0 is -~90°, thus tending to realign the magne-

ti~zation direction with the shock prqpagation direction. This is observed

as a demagnetization in the transverse direction. In the special case where

no external magnetic field is applied , a complete realignment is expected

along the shock propagation direction.

A series of 8 experiments was conducted in our study of the demagne-

tization process and its effect on bimetallic junction experiments.* The

details of these experiments are given in Appendi x 0. The experimental pro-

gram was initially undertaken to determine whether or not shock compression

*The term “bimetallic junction experiment” is in reference to the
type of experiment that is indicated schematically as the idealized experi-
ment of Chapter 1. Thi s coul d i nclu de a num ber of specific configurations ,
but each would have in common a closed circuit of low internal impedance
(—0.01 ci), two metals to form the junction wi th a shock wave traveling in
each , and a record ing system sens iti ve to th e smal l ex pected emfs
(0.1 — 50 my).

- -  — ._ --- --- -
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of a bimetallic junction in which both metals are the same would produce a

null result. A null result is predicted by every previously proposed theory.

In the first such experiment (76-032) the recorded emf was not zero. At this

point we proposed several possible causes for the non-zero signals , and the

next three shots (76-037, 76-039, 76-040) were conducted before we realized

that the emf was probably due to demagnetization.

- 

- 

Three shots 76-051, 76_054,* and 76-062 were done specifically to

determine whether or not a demagnetization of the nickel did occur under the

experimental conditions of interest, and if this process would interact with

the recording circuit and result in the characteristic signals. In shots

76-051 and 76-054 the magnetization of the nickel was controlled . In 76-051 —

the nickel was used as received and had a magnetic field just outside the

body of about 0.8 Gauss in directions parallel and perpendicular to the shock

propagation direction . In 76-054 the nickel was demagnetized with a field

just outside the body of less than 0.05 Gauss in any direction. The recorded

emf was about -40 my in the first of the shots and about -7 my in the second.

(See Fig. D.5.) Therefore a reduction of the pre-shot magnetization in the

nickel by a factor of 16 reduced the signal amplitude by about a factor of 6.

This effect of the initial magneti zation would be expected if the signals

were caused by a shock demagnetization .

In another shot, 76-062, the active element was changed from nickel to

N ichrome ~ (80% nickel 2~~chrom ium ) which is not ferromagnetic. The experiment

was the same in all other respects as shot 76-032. In shot 76-032 an emf of

less than -lO0 mv was observed and in 76-062 no emf was observed during the time

*The au thor w ishes to ac know ledge the ef forts of Dr. Jerry D i ck who
guided the work in this area and conducted shots 76-051 and 76-054.

~Trademar k of the Dr iver Harr i s, Co. , Harr i son , New Jersey.

III - 

—-- -- —_ ——-- - - _ --- -___ —& — —~~~~~~~~~~——~~ --— —--- - — —--- _ 
—_ -- -~ ---



~ _ _ _ _

46 —

— of shock transit through the target to within the recording capability of

the instrumentation system of 0.01 my. (See Fig. 0.1 and 0.5.)

Resul ts of these experiments show conclusively that an emf is obser-

ved in this type of experiment when one of the active elements is ferro-

magnetic. The emf is due to shock demagnetization of that element. This

puts the results of any previous work done with nickel or i ron in doubt. It

also precludes the use of ferromagnetic materials in this type of experiment

unless this effect can be completely nullified in some other way.

3.3 Effect of Surface Layer between Elements.

In most of the work previously reported in which the response of a

bimetallic junction to shock loading has been investigated , the observed emf

is 2 to 15 times that predicted assuming a thermoelectric source and reason-

able shock compression temperatures. One possible contributing factor to

these erratic but consistently high results is that the interface between the

two materials reaches a much higher temperature than the bulk material. If

i ndeed a thermoelec tr ic source i s respons ib le for the emf recor ded , the

inferred temperature would be the local temperature in the immediate vicinity

of the boundary between the two materials. In this case, the temperature

rise of the interface above the bulk shock compression temperature would be

zero only if a perfect plane separated the two materials. Urtiew and

Grover35 have studied the possible distribution of temperature in both dis-

tance and time near an interface between two materials under shock loading

con diti on s. Two models were pro posed , one in which the intermediate zone

was characterized by a gap as might be the case for highly polished surfaces

and another in which the intermediate zone is considered as a porous solid.

Evidence is given for the acceptance of the porous material model as the more 

—- rn—------ 
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correct even for highly polished surfaces for which the interface zone is on

the order of one micron thick.

It was shown in experiments involving heat generation due to the

friction of sliding by Bowden and Tabor36 that hot spots on the order of a

micron or less would produce an emf in a thermoelectric circuit. A diagram

of the type of experiments conducted is seen in Fig. 3.la. In Fig. 3.lb ,

the surfaces in contact are shown microscopically. It was proposed that in

the small regions wh i ch make con tact , a very high tempera ture was produced

due to friction , and the purpose of the experiments was to determine if this

was true by measuring the thermoelectric response of a constantan rod rubbing

on a copper disk. Transient temperatures on the order of 1000°C were mea-

sured for time of less than one millisecond. These results indicate that

the thermoelectric circuit involved in the shock experiments would respond

to a region of high temperature on the order of several microns at the junc-

tion inter-face.

Consider a plane interface between copper and constantan wi th the

following properties :

1. The intermediate region will be treated as a porous

layer of thickness 2a.

2. The porous material will have the properties of copper

foam.

3. Complete compaction is achieved in the fi rst shock

transit.

Figures 3.2 and 3.3 show that the pressure-particle velocity state reached

in the porous layer after one reflection may be nearly the same as the

initial state in the solid. However , the teln7erature in the interface

region is higher than that of the bul k material.

_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Constantan

\I _ _

~~—Copper

~~cording
Instrument

(a)

Constantan 
I Hot sp ots

Copper 
_ _ _  _ _ _ _ _

(b)

Fig. 3.l. --Illustration of Experiments by Bowden and Tabor36 on
Friction . (n (a) an experiment to measure the temper-
ature produced locally by friction is illustrated , and
in (b) a microscopic view of the sliding surfaces is
shown .



- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

49

Solid
~-Hugoniot

Hugoniot of compacted
l ayer

Porous Hugoniot

2

Release curve

- U~
- I Fig. 3.2.--Pressure-Particle Velocity Diagram for Shock Wave

Interactions in a Porous Layer between Solid
Regi ons.

--- -

~

--- . ----- _.

~

--

~

- - --



50

Material A

Material B

Porous layer

Dist ance
Fig. 3.3. --Position-Time Diagram for Shock Wave Interactions

with a Porous Layer between Solid Regions. 
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The temperature in the porous material can be estimated using a 
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Christian and Walsh technique (see section 1.3), in which the Hugoniot of

the porous mater ial i s character ized before compac tion by the relat ion

P = A - b r  (3.3)

where P is the pressure and x is the compression defined by

= 
presen t volume

X full density volume at zero pressure

Here A and b are positive constants. This straight line pressure-volume

curve is used until it intersects the principal Hugoniot of the full density

mater ial , which is assumed to occur when compaction to full density is com-

plete. A more nearly exact relation for P(v) can be obtained using the

P-ct equation of state of Herrman.37 However , for tempera ture calculat ions

the difference is less than 10% up to 500 kbars and the P-cz form is much more

difficult to manipulate . It is also assumed that 
~~ 

y, and p are the

same as for the zero pressure full density material at the point where com-

paction is complete.

After compaction is complete , the Hugoniot for the porous layer can

be calculated from the full density Hugoniot by using the Gr~ineisen equation

of state to take into account the added internal energy due to irreversible

work done in compaction (see Boade).38 Consider two independent shock situ-

ations for the porous and full density materials. To each of these single

shocks one may apply the Rankine-Hugoniot equation

E~ - E~0 
= 

~~
. P~ (v~~ — Vp) (3.4)

Es - E50 = 
~~~ 

Ps (v so - VS) (3.5) 

~~—--  ~~~~-~~~~~~~~~~—- -~ -- - - ~~—S—- - -_- - -—~~ - ---
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where the subscripts P and S refer to-porous and ful l density material ,

respectively. Now to find P~(v) we use the Gr~ne i sen equat ion

Pp - P5 = (y/v)(E~ - Es) (3.6)

which is just a relation between two equilibrium states of the same material

at constant vol ume. Substituting from Eqs. (3.4) and (3.5), Eq. (3.6)

becomes

- 

~s 
= (y/v) ~~~ [P p(V p0 - V p ) - Ps(vso - v5)] (3.7)

where it is assumed E~0 = E50. To find the relation for P~(v ) for a

given Ps(v) whi ch is known , let V p = = v , so that

P (v)[v -v - s- ]
P = S So (3.8)

(v p~ 
- V -

where y/v G = constant. With the Hugoniot just constructed , it is pos-

sible to estimate the temperature in the porous layer by a numerical inte-

gration method outl ined in sect ion 1.3. Tempera ture r ise in a single shock

to various pressure s and from various initial densities is given in Table 3.1

for copper. These temperatures are as muc h as a factor of 20 high er than

shock compression temperatures in the solid. It should also be noted that

the temperatures in the porous layer are roughly proportional to the shock

pressure for a given initial porosity.

The temperature profile just after the shock wave passes through the

interface is shown in Fig. 3.4. Evolution of this initial profile in time

must be considered in terms of the relative time for decay of the temperature

profile and the lifetime of the experiment. The maximum temperature, wh ich

will always be at y = 0, decreases with time. Depending on the relative time

\ 
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Constantan :Porous - 
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Fig . 3.4. --Temperature Profile Just after the Shock Compression
of a Porous Layer.
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dependence, one would expect either to see a pred ictabl e rate of decay of

the thermal emf , or i n the case of long decay times , the only recorded

thermal emf would be that due to the initial temperature profile.

TABLE 3.l.--Temperature Rise in Shocked Porous Copper

Temperature Rise

Pressure Initial Vol ume v/vs*
(kbar) 1.5 1.3 1.2 1.1 l.O**

150 1500 920 635 345 76

200 1925 1200 830 465 109

250 2360 1480 1025 585 149

300 2800 1770 1235 715 196

350 3240 2065 1460 850 249

400 3715 2375 1685 990 309

450 4150 2675 1915 1140 376

500 4630 3000 2155 1300 449

~ is the specific volume for solid copper.

**Values of T for full  dens ity copper.

Values used for the constants are :

= 1.99
p0 

= 8.93 gram/cm3 (full density)
C
~ 

= 3.718 x 106 ergs/g0K
C0 

= 3.94 nin/psec

S = 1.489
where U~ = C0 + S U~ for full density material .

The time dependence of the ini t ia l  di str ibut ion can be stud ied us ing

the one dimensional heat flow equation. It can be shown (see Appendix E)

that the temperature at y = 0, T(0,t), is 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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T(0,t) = T(O ,0)[~- erf(2/~7t) + ~~

- erf(~- iF7t) ] (3.9)

where r = a2/D
~u 

and 
~~ 

is the dif-fusivity of copper. The time constant

t takes on the values 0.01 lisec , 0.25 usec, and 1 i’sec for porous layers of

1 p, 5 p, and 10 p, respectively. A plot of T(O,t)/T2 versus T is given

in Fig. 3.5. Typical experiment life times are about 1 psec in most previous

work. Therefore , if an effective porous layer of 10 p existed at the inter-

face , the temperature would decay less than 40% during the experiment.

To show the importance of the temperature at y = 0, cons ider an

experiment in whi ch plane impact occurs between sla bs of copper an d cons tan tan.

The receding shock in constantan and the advancing shock in copper are indi-

cated in Fig. 3.6 along wi th a temperature profile which includes a high

temperature region about the origin. Using Eq. (l.2b) the emf measured

between a and b in this circuit is given by

~a-b 
= - J S~ dT - J ~~ dl. (3.10)

T0 T2

If we assume for simplicity that SCu and SCO are independent of temper-

ature and pressure thi s becomes

~a-b 
= _SCu (T2 - T0) - SCO (TO - T2)

~a-b 
= (SCO - SCu~~T2 

- T0) . (3.11)

The emf observe d in such a c i rcu it i s independen t of T1 and T3, which

represent the shock compression temperatures, an d i s a funct ion onl y of T2,
which is T(O,t) given in Eq. (3.9). This is true even if T2 is only

sl ightly higher than the shock compression temperature. 
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Constantan Copper
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Fig. 3.6.--Thermoelectric Circuit and Associated Temperature
Profile with Porous Interface Layer.
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Two experiments were conducted to investigate the effect of surface

preparation on measured emf in a copper-constantan junction experiment. The

experiments are discussed in detail in Appendix E. In one experiment the

interface was prepared by lapping the two surfaces and in the other the sur-

faces were highly polished . Measured emfs for the lapped and polished sur-

face shots were -19 ± 1 my and -16 ± 2 my, respedtively. The voltage-time

profiles are given in Fig. E.2. The predicted ethf based on a shock compres-

sion temperature of the bul k mater ials is abou t ’-3 my. This indicates in

terms of this model that both the lapped and polished surfaces result in a

porous region , but that polished surfaces resu~t in a lower effective porosity.

Since on ly two shots were done no firm conc l us ions can be drawn.

In many of the experiments previously reported in which an anomalously

high emf was recorded , the surfaces involved are not well characterized . A

complete understanding, therefore, of the relationship of these results to

the problem of surface heating is not possible. In experiments conducted

here, it was noted that even for highly polish ed surfaces , a wave-like dis-

turbance develops on the polished surface with a thickness on the order of a

micron . This indicates that though careful surface preparation may reduce

the problem , it would not be possible to completely eliminate these effects.

Bowden and Tabor36 have shown through sur face res istance measuremen ts that

the actual area in contact between two surfaces can be more than an order of

magnitude less than the geometrical area even for highly polished surfaces.

This too indicates that even under the best of conditions , a region in which

there are voids must exist between the two bulk materials of interest.

Results of our experiments indicate that polished surfaces at the

Junction may result in a lower emf than when rough surfaces are used . We

have shown that the “measured tempera ture ,” or the temperature to which the
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junc tion as a thermocou ple responds , is the temperature in the immediate

vicinity of the junction , and i s i nde pendent of the temperature behi nd the

shock front. Finally, we have shown that if the interface region is treated

as a porous sol id , the temperatures reached by a shock compression are high

enough to explain the anomalously large emfs observed previously. It seems

quite reasonable to conclude that the measured response to shock loading of a

bimetallic junction , in which the specimens are simply held in contact, is

partially or perhaps totally due to the conditions at the junction interface.
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CHAPTER 4

EXPERIMENTAL TECHNIQUE

The exper imental con figura tion and techn iques descr ibed here were

developed to avoid the problems discussed in Chapter 3 and still retain the

essential conditions of the idealized experiment of Chapter 1. The actual

experiments will be described first followed by a discussion of how the

specific problems were avoided . Finally, a compar i son w i l l  be ma de between

the real experiments and the idealized experiment.

4.1 Experimental Configuration.

The basic impactor and target assemblies are illustrated in Fig. 4.1.

The constantan is diffusion—welded to the copper buffer as shown , wi th a

ceram ic and copper guard r i ng surround i ng it for lateral support. The ceramic

was mach ined to a close tolerance , and fitted between the copper and con-

stantan , by a process descri bed in section 4.4. The copper leads are

attached as indicated wi th solder. The copper guard ring is in intimate con-

tact with the buffer plate, but is not involved in the thermoelectric circuit.

Nominal dimensions are listed in Fig. 4.1 for each of the components .

Shock pressure is generated by plane high velocity impact of a copper

or tungsten alloy impactor on the copper buffer. The plane shock wave travels

throug h the cop per bu ffer , and un iformly loads the copper-constantan junction.

A shock wave also travels out radially from the edge of the impactor toward

the outer edge of the copper buffer. The dimensions here were chosen so that

no pressure disturbance reaches the point on the bu ffer where the measuremen t 

- - -—- ~~~~~~~~~~~~~~~~~~~~~~~ ._- --- —~~~~---
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lead is attached before measurement of the thermoelectri c emf is completed .

The impactor is thick enough that the pressure at the impact plane is main-

ta ined un til the shoc k wav e in the cons tan tan reaches the free surface.

There will be a slight perturbation of the pressure profile in the

constantan due to the ceramic. The shock impedance , p0U5, of this type of

ceram ic , which will determine the final pressure state due to a single shock ,

is essentially the same as that of copper below the Hugoniot elastic limit of

the ceram ic. However , in the plastic region above 80 kbars , a more compl i-

cated situation arises and the perturbation might become quite large at high

pressures. This effect will be discussed further when the results of the

high pressure shots are presented in Chapter 5. The shock velocity in the

ceramic is greater than the shock velocity in constantan. Therefore, the

wave running ahead might be expected to cause some problems , but none have

been identified .

4.2 Materials.

The four basic materials from which the target and impactor are con-

structed are copper, cons tantan , ceramic for the guard ring, and a tungsten

alloy used as the impactor for the high pressure experiments . The copper

used throughout was oxygen-free, high conductivity copper, usually designated

OFHC copper.

The cons tan tan use d i n these ex per imen ts was obta i ned from two sources.

The material designated A-constantan was manufactured in a polycrystalline

form from 45 wt % nickel and 55 wt % copper. The starting materials were

99.99% pure. In the process of sectioning the material , it was noted that

voids of approximately one micron diameter were occasionally visible. No

more than 10-15 pores of this type were seen on a single section of one inch

diameter. Densities measured for this material were wi thin the measurement 
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error of the expected value of 8.9 gram/cm3. More information for this and

the following materials is included in Table 4.1.

TABLE 4.l.—-Materia ls Used

Identification Analyzed
Supplier Material Type Used Here Composition

Metals Research* 45 wt% Nickel A-Constantan 44.4 wt% to
55 wt% Copper 46.9 wt% Nickel
Allo y

U.S. Bureau of 44.5 wt% Nickel B-Constantan 54 .2% Copper
Minesl 55.5 wt% Copper 44 .2% Nickel

1% Man ganese 1% Manganese
- Al loy 0.3% Carbon

Tel edyne** l7-D Densalloy Tungsten Al loy 90.91% Tungsten
4% I ron
3% Copper
2% Nickel

*Metals Research Ltd. Melbourn , Royston , Herts SG8 6EJ , England.
tU S  Bureau of Mi nes, Albany, Oregon.

**Teledyne Powder Alloy s, Clif ton , New Jersey.

The material des ignated B-constantan was supplied by the U.S. Bureau of

Mines. This material was manufactured in a polycrystalline form from 54.5

wt% copper , 44.5 wt% nickel , and 1 wt% manganese. The starting materials

were coninercially pure, but the alloying was done in a carbon vessel and

later analysis shows 0.3% carbon exists in the material. The density of this

material measured 8.82 ± 0.05 g/cm3.

The ceram ic used for the guard r ing was su ppl ied by Coors Porcel ai n

Company, and is designated AD-998 Al umina. The ceramic was suppl ied as a

tubing and is nominally 99.8% A1 203.
The tungsten alloy which was used as the impactor for the higher

pressure shots was supplie-i from two di fferent production lots . The

~
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properties measured such as density , alloy composition , and yield strength ,

are not significantly different between lots . Hugoniot data for this material

are given in Appendix 8. The concentration of the various components is

90.91% tungsten, 4% iron, 3% nickel , and 2% copper. The dens ity for the two

lots was 17.0 g/cm3 and 17.2 g/cm3.

4.3 Preparation Technique.

The first step in preparing a target is the diffusion welding of the

junction. The pieces a and b (see Fig. 4.2) are machined to the following

dimensions:

(a) 63.5 mm diam. x 4 mm thickness

(b) 22.2 mm d iam. x 6.4 mm th ickness.

The flat surfaces of the disks are then lapped flat and parallel to wi thin 1

micron over the entire area. At this point , the surfaces have a damage layer

due to lapp ing of between 5 and 15 microns thi ckness. The surfaces to be

welded are now carefully polished in three stages on a Buehler* polishing

wheel . The objective in the first stage is to completely remove the damage

layer due to lapping . This is done using a nylon polishing cloth l oaded with

15 p diamond polishing paste and light oil designed for this purpose . The

quality of the results depends , to a great extent, on the pressure applied to

the spec imen , and on the amount of oil and diamond paste used . At the com-

pletion of this stage, the surface should appear under a 400x microscope as a

uniform “scratched” surface where only the damage due to polishing is visible.

In the second polishing stage 6 p diamond polishing paste is used and

the finished surface should again have a uniform scratched appearance , but

with much smaller scratches. Final polishing is done wi th 0.05 p a l um ina

*Buehler Ltd., Evans ton , Ill inois.
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polishing powder and water in the form of a slurry . A napped cloth is used

in this stage wi th very little pressure. After this final polish , the sur-

face under a 400x m icroscope appears free of scra tches and pol i sh i ng damage .

There is a slight waviness which develops on the surface wi th a wavelength

of 10-50 p and a depth of about 0.1 p to 1 p. This can be minimized by

reducing the pressure and time of the f inal stage to a mi n imum necessary to

remove the scratched layer. This technique works equally wel l for copper and

constan tan , but the larger surface of the copper makes a great deal of down-

ward force necessary in the first stage.

The next step in the welding process is to place the polished sur-

faces together in the proper position , clamp the assembly together, and heat

it in a vacuum . This was accomplished here by using two flat anvils of stain-

less steel with eight bol ts aroun d the ci rcumference. Thi n sheets of mica

are pl aced between the steel anv i ls an d the spec imen to keep the copper or

constantan from sticking to the steel anvils. This assembl y is then placed

in a vacuum furnace , and heated to 800°C. It takes approximately 30 minutes

to reach this temperature, and then the temperature was mainta ined for 60

minutes. The furnace was then turned of-f and allowed to cool for about four

hours . A vacuum of 4 x l0~~ Torr was maintained throughout the heating cycle.

Quality of the welded interface was tested in several ways. The

mechanical strength of the wefl in a simpl e tension and in shear appears to

be about the same as the bulk copper in its annealed state. No ela bora te

mechan ical testing was done , but it was not possible wi th brute force to

separate the materials even with severe distortion of the copper. The junc-

tion was carefully sectioned and examined under a scanning electron micro-

scope and no damage or impurities were detected .

An estimate can be made of the depth of interdiffusion from known

diffusivities of nickel in copper. Consider the situation in which the

_--
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copper and constantan are separated by a plane at x = 0. If the constantan

(45% nickel ) is to the left of the dividing plane , Crank 39 gives for the

concentra t ion of nickel for x > 0

• C(x ,t ) = 1 c erfc X
2 o  2V~~

Here D is the diffusivity of nickel in copper and C0 i s the concentra t ion

of nickel a~t t = 0 and x < 0. Jost4° gives the value for D at 800°C as

4.84 x l0~~ cm2/sec. Figure 4.3 is a plot of C(x, t = 1 hr) for a temper-

ature of 800°C.

After the welding process is completed , the assembly must be lapped

square again due to a slight deformation of the copper. The piece is then

carefully aligned in a lathe , and the constantan is machi ned to a dimension

two to five microns larger on the diameter than the inside dimension of the

ceramic tube . This dimension is nominally 15.25 mm, which allows only the

central portion of the initial weld to be used, thus reducing effects due to

rounding of the edges of the constantan during polishing . The ceramic and

copper guard ring is assembled by a heat-shrinking process. The inside diam-

eter of the copper ring , d, is machined to a dimension two to five microns

smaller than the outside diameter of the ceramic. The ceramic tube had been

previously machined round to a tolerance of less than 2.5 microns. The copper

is then heated about 200°C or until the copper and ceramic slip together

easily. The guard ring assembly is then assembled with the welded copper-

constantan piece by cooling the copper-constantan piece in liquid nitrogen

and slipping them together. Care is taken throughout this process to main-

tam the parallel ism among pieces. The entire process is illustrated in

Fig. 4.2. 
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4,4 Impact Technique.

The impact experiments were done using the four inch gas gun facility

at Wash i ngton State Un ivers ity .41 The impactor pi ece was moun ted on the

front of an aluminum projectile as illustrated in Fig. 4.4. The recess which

is indicated on the front of the projectile is necessary to avoid contact

between the aluminum projectile face and the copper buffer during the useful

time of the experiment. For projectile velocities greater than 0.8 nun/psec a

nylon and syntactic foam projectile was used~ The design of this projectile

is only slightly modifi ed from that reported by Peterson et ~1.
42 Projectile

velocity is measured with a set of four electrically charged pins which are

contacted by the projectile just before impact.

The target assemb ly, descri bed in the previous section , was potted

into an aluminum target ring with a calcium carbonate filled casting epoxy.

A void was all owed in the epoxy around the soldered oscilloscope lead on the

copper buffer to avoid a pressure disturbance in this area during the experi-

ment. A grounded pin and an electrically charged trigger pin contacted the

projectile before impact and were used to start the osc i lloscopes .

Signals in the one to twenty m i l l ivol t ran ge mus t be measured wi th

care to avo id groun d loo ps and extraneous no i se. The sig nals were measured

using differential ampl ifiers in a system illustrated in Fig. 4.5. This type

of system has a 50 ~ input impedance in each leg with respect to ground , thus

giving a 100 ~2 net input impedance . The analysis of the thermoelectric effect

in Chapter 3 assumes an open circuit or infinite impedance measurement of

the emf. The effect of this difference is neglig ible due to the very low

internal impedance of the em-f source. As was stated in Chapter 1, the emf

source here can be treated as a voltage source with an associated internal

*Material used here was Scotchply XP-24l-34 Syntatic Foam suppl ied
by 3M Co., St. Paul , Minnesota . 
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impedance. The ratio of the measured voltage in this circuit to that which

woul d be measure d in an open ci rcu it system i s

V 
= 

In put Impedance
V0 Internal Impedance + Input Im pedance

The intern al impedance of this thermoel ectr ic emf source was measured at zero

pressure to be less than 0.3 ohm. This would lead to an error of less than

0.3%.

To avoid ground loop situations in which the shielding of a coaxial

cable i s carryi ng a current , the shields of the two input legs are connected

together and to the scopes only and are isolated from all other possible

ground points. It is not unusual in this facility to find a difference in

potential of as much as 20 millivolts between points that are nominally

grounded . Even between the several ground points on a signal oscilloscope as

much as a 10 millivolt emf can be measured . To contend with this situation

in whi ch these d i fferences in ground potent ial produce curren t in the coax ia l

ca ble sh ields , ground points in the two oscilloscopes used were connected

with a heavy copper strap. This effectively elimi nated the problem.

By using a differential amplifier to measure the emf, the problem of

noise on the scope ground is minimized . Not only is there a difference in

potential between various ground points , but there is also as much as five

millivolts of 60 cycle noise on the entire chassis groun d of the osc i llosco pe

system. Since in a differential input system the defl ection on the oscillo-

scope is proportional to the difference between the two inputs and indepen-

dent of the ground , this problem can be completely avoided. Using Tektronix

model 7A13 amplifier pl ug in units in model 7904 mainframes, clean sig nals

could be measured down to one millivolt. 
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4.5 Compari son of the Actual Experiments wi th the Ideal ized Experiment.

The actual configuration described in section 4.1 and the idealized

experiment are shown for comparison in Fig. 4.6. The similarities of these

two configurations are :

( 1) A plane shock wave is advancing in a cylinder of con-

stantan away from the junction .

(2) The copper-constantan junction is in a pressurized

region and the pressure is uniform and constant over

the entire junction.

(3) Pressure relief from the edges of the constantan behind

the shock front is avoided. (Assumed condition in

idealized experiment.)

(4) The emf is measured between unshocked regions in the

copper and constantan .

The primary differences between the two configurations are :

(1) The shock wave in the copper is not a simple plane wave

travel ing in a cylinder , bu t is rather the rounde d edge

of a plane wave traveling radially outward in the copper

disk.

(2) The symetrj with respect to the junction is not main-

tained in the real experiment.

(3) The pressure in the copper near the junction is attained

by a large transmitted shock and a small reflected shock

~~ copper-constantan interface . The refl ected shock

r y  ~~~ ‘1 ~~~~~~~~~ the shock impedances of copper and

-. •. ‘ ,- .~~ ,.. r , (~ +~c Appendix B).
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experiment was designed to preserve the i deal conditions in the constantan

and make any necessary compromises in the copper.

The experimental probl ems of Chapter 3 were avoided in these experi-

men ts in the follow ing way:

(1) Electrical noise upon circuit closure was avoided by

having the recording circuit complete before the shot.

All connections are either so i dered or welded to ensure

good contact.

(2) Demagnetization effects were avoided by choosing nonferro-

magnetic materials. Constantan has a relatively high

thermopower of about 50 pv/°C at ai.d above room temperature

and is nonferromagnetic. The prima ry disadvantage to the

use of this material arises because it is an alloy . Since

thermopower is somewhat affected by impurities and compo-

sition , the obvious probl em of reproducibility among sampl es

of different manufacture could arise.

(3) A superheated region at the interface was avoided or mini-

mized by diffusion welding the junction. This type of

junction has very little , if any , Dorosity .
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CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSION

Results presented here are divided into two parts. In the first part

the guard ring was modified or compl etely eliminated . This allowed for pres-

sure relief radially behind the shock wave in the constantan. In the second

part the results of a set of experiments in which the guard ring was used to

maintain one-dimensional flow behind the shock will be presented. Finall y,

our conclusions and a proposal for further study will be given.

5.1 Results of Experiments without Guard Ring .

Consider again the idealized experiment of Chapter 1. If the edges

of the rod in which the shock wave is travel i ng were free surfaces , relief

waves would advance i nward from the edges behind the shock wave to reduce the

pressure. It was assumed in the analysis that no pressure relief of this

type was allowed . We have observed that this restriction has a significant

effect on the measured emf. Four experiments were conducted in which the

effects of this restriction can be seen. The experimental parameters and

the results of these shots (77-005 , 77-026, 77-037, and 77-074) are summarized

in Table 5.1 , and Fi g. 5.1. A short discussion of each shot will follow .

77-005 and 77-026. These experiments were conducted as described in

Chapter 4 except that no guard ring was used , and the diameter of the con-

stan tan was 19 mm ± .1 mm. The second shot (77-026) was done to duplicate

the first , and was identical to the extent possible. Shock pressure was cal-

culated from the projectile velocity of .7 mm/;Jsec to be 144 ~ 4 kbars in 

-



- - - —
~~~~~

-
~~~~~~~

---— ---
~~

---- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 
77

t (~&sec) t (1.&sec)

i 

00 05
1

10 ‘ 5
° 

00 05 (0 15

(a) 77-005 (b) 77-026

t (~~sec) t (~,.sec)
0.0 0.5 P.O 0 I 2

0 I I  0 F ,

(c) 77-037 (d) 77-074

Fig. 5.l.--Voltage-Time Profiles for Shots 77-005, 77-026, 77-037,
and 77-074. The large tick marks in (a), (b)-, and (c)
indicate the time at which the shock wave reached the

— back surface of the constantan. The dotted line in (d)
indicates the time at which the shock wave in the con-
stantan advanced past the guard ring .
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both shots. This would give a temperature rise in the shock compression of

about 72°C for which an emf of about 3.5 my j~ expected as calculated in

Chapter 1. The voltage-time profiles (Fig. 5.la and b) are characterized by

a negative step at the instant the shock wave reaches the copper-constantan

interface of -3 ± .5 my and -4 ± .2 my, respectively. This step is followed

by a negative ramp. In both cases the slope of the ramp decreases with time,

but initial slopes are different (-24 mv/psec and -14 mv/psec, respectively).

The ramp is followed by a positive step of 2.5 my and 3 my , respectively,

when the shock wave reaches the back sur face of the constan tan.

TABLE 5.1. --Results of Experiments with Radial Pressure Relief

Initial
Projectile Shock Initial Step Slope

Shot Junc tion Vel ocity Pressure Ampl itude of Ram p
Number Materials (m/psec ) (kbar) (my ) (mv/psec )

77-005 OFHC Copper, 0.70 ± .01 144 ± 4 -3 ± .5 -24
A-Constantan

77-026 OFHC Copper, 0.70 ± .01 144 ± 4 -4 ± .2 -14
A-Constantan

77-037 OFHC Copper, 1.31 ± .02 300 ± 8 -15 ± 2* .75
A-Constantan

77-074 OFHC Copper , 0.70 ± .01 144 ± 4 -3.2 ± .2 -13
B-Constantan

*The step height is difficult to determine due to the steepness of
the following ramp.

77-037. The projectile velocity was increased in this experiment and

was measured to be 1.31 ± .02 mm/psec. The dimensions of the target and

impactor were scaled down to facilitate the high projectile velocity . The

constantan diameter was the same at 19 nm , the impactor diameter was 25 m,

the copper buffer diameter was 35 nul , and the copper buffer th ic k ne ’~- - was
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1.7 nm (nominal dimensions with .1 nm tolerance). The pressure was calcu-

lated to be 300 ± 8 kbars which would give a temperature rise in the shock

compression of about 194°C and an estimated thermal emf of about 9.5 my. The

voltage—time profile (Fig. 5.lc) is quite different for this shot than for

the previous two shots. A step in emf is not clearly distinguishable from

the following ramp. In the original data trace a slight change in slope can

— be seen at about -15 my. The magnitude of the emf does not increase monoton-

ically during the shock transit through the constantan as in shots 77-005 and

77-026, but reaches a maximum of -36.5 my about .2 psec before the shock wave

reaches the back surface of the constantan.

77-074. In this shot the guard ring of ceramic and copper described

in Chapter 4 was used , but unlike the configuration in Fi g. 4.1 the con-

stantan thickness (B) was 13 ± .03 nm and the guard ring thickness (E) was

only 5.16 ± .03 nun. We had tentatively determined at this time that the

ramping in shots 77-005, 77-026, and 77-037 was related to the violation of

the one-dimensional strain restriction of the idealized experiment. This was

supported by the steady emf (no ramping ) observed in another shot 77-064 in

which the guard ring was used as described in Chapter 4 (see section 5.2).

The specific purpose of 77-074 was to determine whether the pressure relief

at the junction itself causes the ramping , or if it coul d be observed when

the radial flow was allowed just behind the shock front, but not at the junc-

ti on. The projectile velocity and shock pressure were the same as for shots —

77-005 , and 77-026. The resul ting voltage-time profile (Fig. 5.ld) shows an

initial step, of -3.2 ± .2 my at the instant the shock wave reaches the copper-

cons tan tan inter face and a steady emf unt i l the shock wave reaches the bac k

surface of the guard ring . At that point a ramping of -13 mv/usec is obser-

ved . Thts Indicates that the ra.~’,1nq 1~ associat ed w i~~Pi thc ’ re ’ ’~~~f procesc

- - —~~~~~~~~~~ - - - - - -  - —~~~~ —--- ~~ - -- ~~~~~~ -~~~~-
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at the edges in the constantan , and is not due to the interaction of the

relief waves with the copper-constantan interface.

These results indicate that in the case where simple uniaxial strain

conditions exist , the net emf around the thermoelectr ic ci rcu it is constant

as the shock wave progresses through the constantan. In the case where two-

— dimensional flow exists behind the shock front in constantan due to relief at

the edges, the em-f around the circuit is greater in magnitude and unsteady ,

at least under these experimental conditions. In the experiments where no

guard ring was present, the em-f measured when the shock first pressurizes the

junction , and before relief waves from the edges are established , compares

directly wi th the steady em-f measured when a guar d r ing was used , as shown i n

Table 5.1.

We propose three poss i ble causes for th is d i fference in electr i cal

response between these two types of experiments.

(1) High velocity radial flow due to radial pressure relief

which would tend to rapidly change the self-inductance

of the current-carrying conductor. The entire circuit

then , when taken as a un it , would have an unsteady cur-

ren t flow even for a cons tan t emf source .

(2) Rela tivistic effects usually neglected in a moving con-

ductor. This is unlikely because of the small speeds

involved , but is included for completeness.

(3) Some unknown transport property of the electron-

lattice system making up the conductor when two-

dimensiona l flow is present behind the shock front.

Calc ulat~ons have been done In Appendi x F which indicate that thc~
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A serious study of the possibilities involved in the third suggested

explanation has not yet been undertaken. It should be noted , however, that

the absolute thermopower is affected to varying degrees by both hydrostatic

pressure and one—d imensional strain in static situations. Both of these

effects can be understood at least qualitatively on the basis of modern trans-

port theory as it applies to thermoelectric phenomena. We feel that further

study of this problem is warranted on the basis of these results.

5.2 Results of Experiments with Guard Ring .

Six additional measurements were made with the experimental design of

Fig. 4.1 and 4.4 , incl uding the ceramic and copper guard ring . The only

parameters that were varied in these experiments were the shock pressure and

the constantan material .* The resul ts of one add it ional shot, 77-074, men-

tioned in section 5.1, in which the constantan was longer than the guard ring ,

compare directly for times less than the shock transit time through the guard

ring, and will be included in these results.

Results of these experiments are listed in Table 5.2. The pressure

behind the shock was calculated for each of the shots using the Rankine-

Hugon iot jump cond iti ons and empi rical U5-.U~ relations for both copper and

constantan (see Appendix B). The uncertainties indicated for the measure-

ments are based on the quality of the record and its character; i.e., where

records are no isy, or the emf is not steady but varies slightly with time,

the uncer ta inty attr ibuted is larger. The uncerta inties in each case are

larger than could be attributed to the recording system or data handling

system; therefore, the uncertainty listed reflects only the character of the

observed signals rather than our ability to record the si gnal.
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The voltage-time profil~~for all of these experiments are given in

Figs. 5.2 and 5.3. The initial negative step in em-f in each of the records

takes place when the shock wave reaches the copper-constantan junction. In

the shots done near 150 kbars, the em-f remains approximately constant until

the shock wave reaches the back free surface of the cons tan tan. The r i se

times for the initial voltage step are included in Table 5.2 for each shot.

The r ise times vary cons idera bly, but the short r i se t ime of 7 ns observed i n

shot 77-076 indicates that the response time of the thermoelectric circuit is

short compared with the typical value observed for r i se time. A grea t deal

of care is taken in an effort to maintain parallelism between the advancing

p lane shock and the junc tion plane . However , neither the tilt of the projec-

til e with respect to the targe t nor the actual parallel i sm between target face

and junction were measurable in these experiments.

In the two h ighest pressure shots, 77-079 and 77-092, the em-f became

unsteady and increasing in magnitude after about 300 ns. This has been

attributed to the mechanical behavior of the ceramic insulator which makes it —

a poorer impedance match to the copper and constantan at high pressures than

at low pressures as discussed in section 4.2. The l ower pressure in the

ceram ic allows pressure rel ief at the edges of the cons tan tan and produces an

effect similar to that seen in the unsupported shots.

5.3 Comparison of Results with Theory and Discussion.

The emfs observed for the experiments di scussed in section 5.2 can

now be coingared directl y with calculations based on the thermoe lect r ic  theory .
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F ig. 5. 2. --Vol tage-Time Profiles for Shots 77-064, 77-076, and 77-079.
The large tick marks indicate the time at which the shock
wave reached the hack surface of the constantan.
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F-ig. 5.3. --Vo ltaqe-T Ime Profiles for Shots 77-084, 77-085. and 77~ Ø~~~
The lar ge tick marks indicate the tine at which the shoc k
wave r,achpd th~ back surfac e r’f the “ c t ~~’~~~.~” .
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those experiments can be compared to the estimates of Chapter 1 as well.

In Fig. 5.4, the data for shots in which A—constantan was used are

shown graphically. For shots in which the guard ring was omitted the data

point represents only the initial step. The lower curve represents an evalu-

ation of the formula in Eq. (1.43) for the temperature estimates of section

1.3. The upper curve represents a similar evaluation where the pressure cor-

rection to the thermopower is neglected.

The B—constantan was used primaril y in the development stage of the

exper imenta tion , and no attempt was made to vary the pressure when it was

used . The results for the three shots reported in sections 5.1 and 5.2 for

this type of material can be compared with a calculated emf value based on

the considerations of Chapter 1 and the standard thermopower of constantan.*43

The initial em-f step as well as the calculated emf are given in Table 5.3

for the shots involving B-constantan.

The basic correlation between the measured emf and the emf calculated

from shock compression temperature rise indicates that the observed emf is

indeed of thermoelectric origin. In this context , this co.relation can be

evaluated more easily by comparing the calculated temperature rise in the

shocked region with the “measured tempera ture ’ which wi~ l be defined as the

temperature rise necessary to ~.ve the observed results if the junction acts

a; a thermocouple. In Tatle 5.3, t~ rnea- ,ir”d temperatir.- - . ‘--.ase~ in a pr*’c-
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temperature and the “measured temperature” i s 22%.* Three possib le sources

of error involved in this comparison are the error in the measured emf , the

uncertainty in the calcula ted shock compression temperature, and the validity

of the pressure correction to the thermopower. Only the errors involved in

the emf measurement for each shot are indicated explicitly as an uncertainty

in the “measured temperature.” The shock compression temperature calculation

using the assumptions that y/v and Cv are constant is believed to be cor-

rect within about 10%. The temperature in the shocked region could be as

much as 5% higher than the value given due to plastic work if the yield

stress were significantly larger than the value obtained from quasistatic

measurements. The pressure correction to the thermopower is extrapola ted

from hydrostatic thermopower corrections measured to 72 kbars. The actual

magnitude of this correction at any given pressure would depend somewhat on

the pressure dependence of temperature in the shock front (see section 1.2).

However, since thi s correction i s based theoreti call y on the effects of the

change in atomic volume , the fact that the pressure is reached through a

shock mechanism rather than hydrostaticall y shoul d not make the correction

completely invalid. At 150 kbars this correction increases the “measured

temperature” by only 5%.

Considering the 10% uncertainty i n the cal culated temperature, the

measured emf in the experiments corresponds to a temperature that may be

within 10% of the actual shock compression temperature. At least three pos-

sible explanations exist with respect to the remaining discrepancy. First,

it is possible that the calculated temperature is 10-20% lower than the

actua l value and that the “measured temperature” is more accurate than the

calcu lated value. Attempts have been made to determine the shock compression

*This is the RMS value neglecting shot 77-037.

~ 
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temperature of opaque materials by measuring the residual temperature after

expansion to zero pressure.44 46 The techniques used are based on measuring

the surface radiation temperature or resistivity of the unloaded material .

Sufficient data are not available at this time to adequately examine this

possibility . Secondly, the 10-20% discrepancy may be due to a slight change

in the thermopower in shock compression . This would represent a change in

the heat transport properties of the conduction electrons, and/or the crystal

— lattice from the static situation. Finally) the temperature in the imediate

vicinity of the junction interface may be somewhat higher than the bul k tem-

perature. We have shown in section 3.3 that the temperature measured in this

type of thermoelectric circuit may be that which exists within a few microns

of the interface rather than in the bulk material behind the shock.

It is our belief that the interface temperature could easily be 10-20%

higher than the bul k temperature, and that this is the most probable expla-

nation of the discrepancy between the calculated and measured values of

temperature. The diffusion welding process used here reduces the difference

between a real junction and an ideal junction , but some imperfections undoubt-

edly exist which could l ead to a higher temperature in this region. In this

context, the diffusion welded junction is one step closer to the i deal junc-

tion in which a plane divides the two materials.

5.4 Conclusions and Recommendations.

5.4.1 Conclus ions

The initial objective to determine whether the previously reported

anomalous and general ly nonreproducib le resul ts were due to experimental

artifacts or fundamental principles has been achieved . Our results indicate

that any fundamental anomaly which exists for one dimensional strain is less

than 10-20% of the observed signals in the pressure range from 140-360 kbars . 

— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ ~~~ ~~~~~~~~~~~ ~~~~~ d1114
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In a study of the effects of an imperfect interface layer between the metals

due to surface preparation , we have shown that the measured emf in a thermo-

electric circuit is sensitive to the junction interface temperature, which

might be several times greater than the shock compression temperature of the

bulk material . We therefore conclude that the large emf values previously

reported, as well as the general nonreproduci bi l ity among experiments , were

due primarily to the effects of poor junction interface conditions. Using a

model of a porous layer between the materials , it was shown that the temper-

ature in this region is nearly proportional to the pressure in a single shock

compression. Thi s may expl ain the l inear emf pressure relations previously

observed. In studies by Buzhinskii et al.,19 and Nesterenko,28 in which

particular attention was given to surface preparation, some of the resul ti ng

emf values are wi thin 20% of the predicted values and although a great deal

of scatter in the data is present in both studies , this evidence supports the

conclusion that no fundamental anomaly exi sts and that high emf values are

due to poor surface conditi ons.

We have shown that i n experiments designed to measure the response of

a bimetallic junction , it is possible to inadvertently measure an induced emf

caused by shock demagnetization when a ferromagnetic material such as nickel

is used as one of the elements. Thi s may be responsi ble for some of the

nonreproducibility evident in previous investigations in which ferromagnetic

materials were used.

In experiments ~n which radial pressure relief was allowed behind the

shock front, the emf was observed to be unsteady and increasing with time.

No adequate explana tion of thi s observation has yet been found . We have

shown , however, that the unsteady emf is directly related to the two-

dimensional flow caused by radial pressure relief behind the shock. This 
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effect, having now been isolated , may be considered as a possib le source of

the nonreproducibility present in some previous experiments. In particular,

the relatively small emf followed by a ramping observed by Lascar and Duage20

could be explained as a “normal” thermoelectri c response coupled wi th this

two-dimensional effect.

The one oscillogram reported by Buzhinskii et al)9 does not indicate

a ramping effect similar to that observed here. The same basic experimental

geometry was used in that study as was used for the experiments reported

here; however, in some experiments the nickel was in the shape of a 120° cone

which would modify the relief wave situation . The authors do not indicate

which experiments were done in this way or for which experiment the oscillo-

graph was observed. Since the surfaces and geometry were varied and the

data have a great deal of scatter, it is impossible at this point to determine

how these resul ts compare with those observed here.

Finally, we have shown that the voltage response of a carefully pre-

pared and diffusion-welded copper-constantan junction to one-dimensional

shock compression over a range in pressure from 145 kbars to 360 kbars is

wi thin 10-20% of the predicted value. This prediction is based on a pressure

corrected thermoelectric response to the shock compression temperature of the

bulk materials. Further study is necessary to determine conclusively whether

this remaining discrepancy is due to the inaccuracy of the temperature calcu—

lation or of the temperature measurement . At this point we believe that the

discrepancy is more probably due to a temperature at the junction interface

which is higher than that of the bul k materials due to imperfections in the

welded interface.

- —~~ -~~------ ----~~~~ --- —-- --. ---~~~ ~~~—-~~~~~~-~— 
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5.4.2 Recommendations

We recomend that further study be done to determine the ca use of the

decreasing unsteady emf observed when radial pressure relief is allowed

behind the shock front. If this effect is i ndeed due to a fundamental change

in the transport properties of the material under these conditions , charac-

terization of this phenomenon could considerably advance basic understanding

in this area .

Further study is also recommended to determine the cause of the

remaining discrepancy between predicted and measured temperatures. Since the

measured temperature is that which exists in the immediate vicinity of the

junction interface, the possibility of a higher temperature due to defects at

or near the weld should be elimi nated. The use of a smaller junction area is

recommended to facilitate the diffusion welding process.

The use of a high ly compressi ble metal as one element i n thi s junction

would generate a much hig her expected temperature and make the imperfections

at the weld negligible. The discrepancy between the measured and predicted

temperatures should then be smaller if this discrepancy is due only to defects

at the interface.

Finally, we recomend that the feasibility be studied of using a

thermocouple as a temperature transducer in shock compressed materials other

than the thermocoupl e elements. We have shown that the thermoelectric effect

is not altered to any large degree by a one-dimensional shock compression and

therefore might be employed in a shock environment to determine the tempera-

ture of the shocked state in surrounding material .
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APPENDIX A

MEASUREMENT OF THE THERMOELECTRIC POWER OF AN OFI-IC COPPER

AND A-CONSTANTAN THERMOCOUPLE

The thermoelectric power SCU_Co (T) for the materials OFHC copper

and A-constantan was determined by measuring the potential difference

as in Fig. 1.5. The data taken for various values of I are given in

Table A.1 where T~ = 23 ± 2°C. The standard thermocouples were made from

wi re manufactured by Leeds-Northrop Co. with a rated accuracy of ± 3/4%.

TABLE A. 1 .--Thermopower Data at Zero Pressure

(T-T0) GE-F
(°C) (my )

77 3.80
85 4.24

111 5.63
149 7.77
154 8.20
174 9.27
191 10.30
199 10.76
248 14.00
276 15.85
289 16.54
310 17.84 
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Using the method of least squares these data were fit to the expression

~E_F
(T.To) 

= Q(T-T0 ) + R(T-T 0)2

where

Q = 0.0475 mv/°C

R = 3.4 x lO~’~ mv/°C2

The standard error of estimate is 0.095 my. In Fig. A. l the data taken for

~E_F
(T-To) and the associated least squares fit are given .
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APPENDIX B

TEMPERATURE CALCULATION

The temperature behind a single shock can be calculated as outlined

in section 3.3. The temperature as a function of final shock pressure was

found by numerically integrating the expression

= e~~ 
v0)T0 + e~~ J e~~

’F(v ’)dv ’ (B.l)

where

G = y0/v0

F(v) = (1 - 
~~ 

+ 

~~~ ~ x - 
~x HEL~~

1 - 
~~~~ HEL ~ 

~x)]

T = 
~ x - a~)/2 (max imum resolved shear stress )

Here y is the yield stress in uniaxial stress, ji is the shear modulus ,

is the component of pressure in the shock propagation direction and C~, is

the specific heat at constant vol ume. The subscr ipt HEL refers to the value
of the parameter at the Hugoniot elastic limit.

Work hardening can be included by l etting r be a function of

volume . In simple uniaxia l compressive stress the yield stress can be

expressed as
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V = V0 + H(c5 - c~ ) (B. 2)

where is the natural strain in uniax ial stress and H is a constant.

Fowles 47 has shown that

dc
~ = ~ - dc5 

- 
~~~~~ , (B~3)

where is the natural strain in uniaxial strain and K is the isothermal

bulk modulus. If the var iation in K i s neglected we have

- = 
~~

- (c~ - c~ ) - [(V - Y°)/6K] . (B.4)

Equation B.2 can now be ex pressed as

(V - Y0 )/2 = ~~ ~ x - c~)]/(l - ~
) - (B.5)

For reasonable va lues of H and K the term i s negligib le compared to

1. The natural strain for the one-dimensional strain case can be

expressed as a function of vo l ume as

= l n -~-- . (B.6)x V
0

Using the von Mises yield criteria for uniaxi al strain ,

V = ax - °y 2i,

Eq. (B.5) becomes

-r = T
0 

+ ~~
- ln ~~~~

— . (B.7)

To calculate the temperature using Eq. (B.l) the pressure must be

known as a function of volume along the Hugoniot. As the integration pro-

ceeds the values of p and dp/dv are calculated using a U
~ 

- U~, rela tion

and the Rankine-Hugoniot relations. Using the relation

- _ - -~~ —‘ --~~“
_-~~~~~~~

_
~~~~~~~~~~~

rn -- ~-~~~~~~- --~~~~~~- ~~~~~~~~~ .- ---- -~~ - - ~~~~~~~~ .~~~~~rn*
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p(U5 

- U~) (B.8)

and a U~ - U relation in the form

= C~ + sU~ (B.9) -

we have

(v - v)C 2
P = 2 (B.lO)

[v0 — (v0 - v)s ]

The U
~ 

- U~, relations used for these calculations and to determine the

final pressure in a given experiment are:

OFHC Copper48 C0 = 3.94 rn/usec s = 1.489

Tungsten Alloy C0 = 3.97 rn/iisec S = 1.11

A-Constantan C0 = 4.24 rn/used s = 1.55

B-Constantan C0 = 4.20 rn/psec s ~ L.55

The relation for the tungsten alloy was obtained by measuring the shock speed

in two symmetric impact experiments at about 240 kbars and 355 kbars. Also

the zero pressure intercept was estimated from ultrasonic sound speed measure-

ments. The relation for A-constantan was obtained by measuring the shock

speed in shots 77-005, 77-026, 77-037, 77-079, and 77-084. From the data

trace (see Chapter 5) one can obtain the shock transit time through the con-

stantan. With this and the known Hugoniot of copper one can determine the

U
~ 

- U~, point for each experiment. The standard error of estimate for these

five shots using the least squares fit given above is 0.05 mm/usec. The

relation for B-constantan was obtained by shifting the curve for A-constantan

_
~

_  _.. -. , ~~~~~~~~~~~~~~~ ..
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to intercept the zero pressure bulk sound speed obtained from ultrasonic

sound speed measurements.

The values for the remaining parameters necessary in this calculation

whi ch were used here are gi ven in Table B.l. Temperatures calcu lated us ing

Eq. (B.l) are given in Tab le 8.2. For compar i son , temperatures are li sted

with (A columns) and without (B columns) the work hardening correction . In

the last column the calculated values of Rice et al)0 for copper are

included .

TABLE B.l. ---Constants Used in Temperature Calculations

Parameter OFHC Copper A-constantan B-constantan

* 1.99 2.26 2.06

~HEL”~o 0.99974 0.999382 0.99187

Y0 (kbar)~ - .2 -1 -l

T
0 

(kbars)~ 0.125 0.5 O.5 **
H (kbars )t 15.5 3.74 374**

~ (kbars )* 480. 810. 615.

~ 
(g/cm3) 8.93 8.93 8.82

C
~ 

(106 ergs/gr0K)* 3.73 3.82 3.83

.35 .30 .32

ultrasonic longitudinal 4 81 5 60 5 187sound speed (nin/usec) .

ultrason ic transverse 2 32 3 01 2 4sound speed (rn/iisec ) . . .6

*Derlved from ultrasonic sound speed measurements done here and
handbook values of C~, in the case of C,.

tFrom quasistatic yield stress measurements done here.

**Va l ue for A-constantan was used.

-- _ —-— .-~~~_ .  ~~~~~~~~ -- - --~~~~~~--~~ _ - - ~~~~~~~~~~~ _.- — ~~~~~~~~~ ~~—- - -- --- - -~~~ -- --- --- ~~~ --
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TABLE B.2 . --Temperature Rise in a Shock

Temperature Rise (°C)

Pressure OFHC Copper A-constantan B-constantan
(kbar) A* B** A* B** A* B** Coppert

50 24 24 23 23 21 21 --
100 48 48 45 45 43 42 43

150 76 76 70 70 67 66 69

200 110 109 99 99 96 95 101

250 151 159 134 134 130 130 138

300 198 196 175 174 170 170 181

350 252 249 221 220 216 216 235

400 312 309 273 272 268 268 291

450 380 376 330 329 327 326 353

500 454 449 393 392 390 389 424

*The “A” columns are values with work hardening.
**The “B” co lumns are values w ithout work harden ing .

~Reference 10.

--
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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APPENDIX C

ELECTRICAL NOISE AT IMPACT

Four experiments were done specifically to investigate the problem of

electrical signal.. produced when a thermoelectric circuit is compl eted by the

impact. The experimental configuration is illustrated in Fig. C.l , and the

voltage time profile for each shot is given in Fig. C.2. Since each experi-

ment was somewhat different a short descr ipti on of eac h w ill follow.

76-073. The configuration is symmetric wi th respect to the impact

plane except for the Nichrome V center element in the target. This material

was used here to simulate the constantan since it has similar mechar .4cal and

magnetic properties and is more readily available. The impactor assembly was

mounted on an aluminum projectile (see section 4.4). The oscilloscopes were

triggered about 10 usec before impact. The emf was measured between the

inner and outer pieces of the target assembly with a differential measuring

system as described in section 4.4. The magnetic field in the impact area

was about 0.15 Gauss in a direction perpendicular to the direction of motion .

The projectile velocity for this series of shots was 0.6 mm/used ± 0.02 mm/psec.

76-075. In this experiment the magnetic field in the area of impact

was lowered to less than 0.005 Gauss in any direction with Helmholtz coils.

In all other respects the experiment was the same as 76-073.

76-078. The projectile in this shot was modified by placing a one

inch plastic piece on the front of the projectile between the aluminum body

and the copper active elements . This was done to reduce the effects of a 

. . ~~~~~~~~ - -—~—— _ , —,---. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. C.2 . -—Voltage-Time Profiles for Shots 76-073, 76-075,
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moving conductor in a magnetic field near the impact. In al l other respects

the experiment was the same as 76-073.

76-086. The center element of this target was made of copper which

makes the projectile and target assemblies indentical . Again , the experiment

• 
• . was the same in all other respects as 76-073.

The objective of this study was to determine the cause of this type

of noise and eliminate it if possible. By lowering the magnetic field in the

impact area the ampl itude of the signal was reduced as seen in 76-075. We

concluded that the pre-impact signal and associated noise at and just after

impact were probably due to an interaction of the moving conductors wi th the

magnetic field. We determined that if the remaining signal observed in 76-078,

where the field was reduced to 0.005 Gauss , is due to the residual magnetic

field , it would be impossible to eliminate this type of noise in our facility .
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APPENDIX D

SHOCK DEMAGNETIZATION

Eight experiments were conducted in a study of the effects of shock

demagnetization in bimetallic junction experiments . The basic experimental

technique , based on the use of a four—inch light gas gun , is detailed in

section 4.4. Instrumentation involv ed a combi nation of osci llosco pes used in

a differential mode as indicated in the schematic drawing of Fig. 4.5. The

material used , except where noted, was nickel-200, formerly cal led “A” nickel ,

which is nominally 99.4% nickel . In all experiments , except 76-054 and

76-051 , the magnetization state was not altered from the supplied condition

and was assumed to be random in direction wi th respect to the axis of shock

propagation . Since each of the experiments was performed wi th a different

objective in view , a short description of each will follow , wi th the results

summarized i n Table D.l.

76-032. A concentric guard ring geometry was used as illustrated in

Fig. C.1. The insulator used was machined from solid teflon . The outer ring

used in this case for support and to complete the circuit , was made from

OFHC copper. The configuration is symmetric with nickel impacting nickel as

active elements so that no thermoelectric emf is expected . However, a non-

zero signal was observed. The voltage versus time profile , as seen in

Fig . 0.1 , indicates a zero voltage at impact wi th a continuously increasing

magnitude of negative sign. This result represents the initial indication

that nickel in this type of experiment would cause a non-zero signal .



• 
l i i

.- .- .- I- U) U) U) U)
In . .
4-3 C C C C C C C C
I-

U) 0) 0) 0) 0) 0) 0) 0) 0)
4) .,- .1~~ 

.r- -— .
~- -— C)

~~ U~ U~ LL. Li.. U~ U~ L~ Li.. In

C C)
S.-

4) 4-) .- C’4 C~J C’) ~~~ ,— 4)- . . . . . . ‘04) ~ C.) C C C C C I ( )  S..
w

fl- C) . . . . . . I • 0.
S.. ., - C) 0) 0) 0) 0) 0) 0) E
4)4-  . -r . . .p.. .. .r C)
0. C L~~ U LL L~ Li.. Li.. U.. 4-)
)< 0
W C.) C

0

U)
•0—

~~ • In
E W >  C.J C C)

C ~~ > E ~~ ~~ N. N. C N. s..
0 E S.. —~ C 4’) 0) 3!) ~~ I 4-I +1 0.
— I— I + + I •
4-’ X I n 4-  I C C >-. 0
‘0 ~~ .0. E .— 0 U
N ~~~OW  I In
..- S.. -~~4-’ 0) U
C) -

~~ 0
C -~ .C
C) -~ 

U)
10 4.)
E 0 >  ~~ 0
O -I-’ E LL) 4-)
C 0— .

O C C 0 0 ‘— .— .— C C 0
-~~ 0.4- I I $ 0 In
U X E  U) C
0 W W  ~~ 0

5.. 0.
S.. In

0 ‘0 0)
C .~ ~F- ~~ S..
0 .!~- .~ ~~ — U
(0 4-’ .-— 0) -
4-’ 0 ( 0  1 E 0 S.
‘0 Q)~ - ‘— ‘— .- ‘— ,— ,— S.- 0 C.) 4.)
C S.. S.. 4) 4) 4) 0 4) 4) 4) S.- U

100 -~~ .~ -~~ .~ .~ -~~ 0. .C (1) 4)
9- ~-.4.) Q U U U U U 0. 0 -r
0 (0 .- .1- ., ~~ 

. .,~~ .p~~ 0 -— 5- C)
~~ C.) ~~ S.. 0

>, tO
S.-
‘0 +• 0

S.. .C
E 4) 4.)

S.- .--- E E 0) >
4/) 0 ( 0  E 40
I 4) -~~~ r- .— .— .— C C S.. 0 S..

US . .  0 4) 0 0 -‘-  r 4) S.. C C
.00 .~~ -~~ -~~ .~~~ E E 0. .C 0
0. 4) U U U U ~~ ~~ 0. U • 9-
E (0 r- ‘— — 0 0 0 0

C — < .tC C.) ~~ 0 0
,— .~ U)

Ui r S.- (0
(0 (0 .0
9- E4) 0 U)

I— S..~~ - (‘4 (‘4 (‘.4 (‘.4 (‘4 U) 4) ..--

0 C ‘0In 40 +1 +1 .— +1 +1 N. +1 -I-I a) S..
In.0 ‘— E 4-’ 9-
O .~ (‘4 ~~ U) C CO U) C) E
S.. — C’) C’) C..4 N. ~~ U) S.- (0 Ui
0. ,— .— ,— ,— ,—

In U) 0
(0 -- C)
0 4)
E > UC)

0 0  >-, 0 0.
0 CO C) -~ U) 0) -~ C) C .4-) E )<

• In 3!) 4!) 3!) 3!) 44) 4~~ ~~ .
~~~ 0 Lii

.
~~~~~. 

. . . . . . . - Q S.~
~~~~~~ C 0 C C C C C C 0 .C
O E  ‘— 0 4)
S . .E  00. ~~~. ~~~ I-

-k +- 4’

S.. (‘4 N. 0) 0 ,— 
~~~ (‘.4 (‘4

4’ 4) 4’) C’) C’) ~~ U) U) U) ‘.00.0  0 0 0 C C C C C)
.~~ I I I I I I I
4/) ‘.0 ‘.0 ‘.0 ‘.0 ‘.0 (.0 (.0 (.0

~~ N. N. N. N. N. N. N. N.



•~ •• ••—

112

• t (~~sec) t (~.sec)

• 
O

O

\

\ 

~~~~~~~
!-50 - ‘N~.4 4

-100 - \
(a) 76-032 (b) 76-037

t (~.&sec) t(~~sec)
(c ) 76-039 (d )76-040

Fig. D.l.--Voltage-Time Profiles for Shots 76-032, 76-037,
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• However, it was thought that the compression of the teflon insulator might

contribute to the non-zero signal through a dielectric polarization mechanism .

76-037. In order to eliminate the ambiguity with respect to the

insulator in shot 76-032, the geometry of this experiment was altered as

shown in Fig. 0.2. The return path for the signal is completely i ndependent

of the shock guard ring system, including the insulator. Direct measurement

of any shock polarization is thus eliminated. Again a negative non-steady

• emf was recorded wi th an initial va l ue of zero. (See Fig. 0.1.) The time

variation of the signal is entirely different from that of shot 76-032 for

reasons unknown .

76-039. This experiment was designed to dupl icate 76-037 except for

the projectile design . The projectile used was machined from solid nyl on in

order to modify the pre-impact noise observed in this type of experiment in

which the circuit is completed at impact. The resulting voltage-time profile ,

shown in Fig. 0.1, is again initially zero but positive thereafter. This

change in sign may be a result of the lack of characterization of the material

with respect to magnetic properties.

76-040. The guard ring was completely eliminated in this experiment

to clearly indicate an effect i nvolving only the nickel active element (as

seen in Fig. D.3). The resulting voltage-time profile is again positive

(see Fig. 0.1).

The next series of experiments was designed to show specifically

whether or not the observed non-zero signals in this type experiment were

due to demagnetization.

76-051. The geometry used for this experiment , where the nickel

element is impacted directly by an aluminum projectile , is shown in Fi g. 0.4.

This shot was done as a control experiment for the shot to follow , 76-054,
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and the modification in design from previous shots was for simplicity of

construction and analysis. The magnetization state was not altered from its

supplied configuration, and was characterized by measuri ng the magnetic field
-4.

just outside the body. The magnetic induction B was approximately 0.8

Gauss with components in directions parallel and perpendicular to the shock

propagation direction. The resulting data trace has much the same character

as those of the previous series wi th an ampl i tude of -40 my. (See Fig. D.3.)

76-054. In this experiment, the magnetization of the nickel was

decreased by careful demagnetization , using an alternating field, to a value

less than 0.05 Gauss in any direction. In all respects, the experiment was

conducted In the same manner as shot 76-051 . The resulting ampl itude varied

between 3 my and 7 my with an initial value of zero (see Fig. D.5). In these

two experiments, a reduction In initial magnetization resulted in a correspon-

ding reduction In the absolute value of the emf recorded.

76-062. This experiment Involved the use of a concentric guard ring

system as used In shot 76-032 and shown in Fig. C.l. The material used for

the active center element was Nichrome V ,~ an alloy composed of 80% nickel

and 20% chromIum. The material was chosen because of the mechanical simi-

larity to nickel , and because it is paramagnetic at room temperature and

pressure. The voltage-time profile , shown in Fig. 0.5, ind icates no emf pro-

duced during the time of shock transit through the target to wi thin the

recording capability of the instrumentation system of 0.01 my.

The final experiment to be considered , 76-052, was designed to dupl i-

cate the conditions in the experiments reported by Buzhinskii and Samylov)9

The geometry Involved is the same as that used to investigate the effects of

surface preparation , and is discussed in Appendix E (see Fig. E.l). The emf

*Trad~~~rk of Driver Harris Co., Harrison, New Jersey. 
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recorded is shown in Fig. 0.5. It does not appear to be possible at this

point to determine how the signals recorded in this way are affected by the

demagnetization. This determination would involve separating the demagneti-

zation effect from the normal response of a bimetallic junction under these

conditions.

[ :
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APPENDIX E

CALCULATIONS AND EXPERIMENTS INVOLVING THE

SURFACE LAYER AT THE JUNCTION

Consider the temperature distri bution of Fig. 3.4. The time depen-

dence of the initial distri bution can be studied using the one-dimensional

heat flow equation. The appropriate solutions are most easily found using

• Green’s functions. In one dimension , the di ffus ion equa tion for temperature

is

— 1 ai
ax

where

D = ~~Cy

K = thermal conductivity

p = mass density

• C , = constant volume specific heat.

The un it source funct ion or Green ’s function for a unit source at position

x ’ is given by Carsiaw and Jaeger11 as

G(D , x, x ’, t) = 
1 exp(- 40 ‘ 

~ • (E.2)
2~~~ 

t

In a situation where two different metals with associated thermal

properties are Involved , as in Fig. 3.4, a more complex source function must

be used. Carsiaw and Jaeger11 give the Green ’s function for a source in a

- ~~- •~~ - - • • •~~~~~~~~~~_~~_-_•“ • —~~~—---—---•.
~ --— •~~-~~.•- - — —-~ •-•
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region 2 located a distance 2. from the interface at the origin as

62(x , 2., t) = 

~ 
G(D 1, x, ct2., t) for x < 0

(E.3)

G2(x , 2., t) = G(D 2, x, 2., t) +~ —~~G(D2, x, -2., t) for x > 0

Now for a source in region 1, again located a distance 2. from the origin ,

we have

G1 (x , z, t) = G(D1, x, £, t) + ~j~~G(D 1, x, -2., t) for x < 0

(E.4 )

2., t) = I~.j~~G(D2, x, 82., t) for x > 0

where

cx = .! (D 2/D1)~~
2 (K 1/K 2 ) 1” 2

and

8 = 1/cc

The effect of the interface on a source in region 1 is that in region

2 the source appears displaced to a position 82. and reduced in amplitude by

a factor 281(1+8), while in region 1 an additional source appears in a

reflected location and of ampl itude (1-8/1+8). A similar situation exists

for a source in region 2. Now to find the temperature history due to a square

Init ial temperature prof i le we have:

T = T
~ 

x~~> a , t = O

I = 12 - a < x < a , t = O  

—~~~ . - - - -~~~~~~~~~~— • - - • —~~~~ ---•~~~-— —-—
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T(x ,t) = 
Ji2 ~~~ 

G(D2, x, 82., t)dt

+ JT2EG(D2~ x, 2., t) + ~~ G(D2, x, -2., tfld2. for x > 0 - (E.5)

For simpl ic ity T1 is taken to be the zero of temperature. A similar expres-

sion holds for x < 0; however, to find T(x = 0, t) one need only solve for

one half space. The solution is given in terms of error functions as

T(x ,t) = 12 
{ _ .  erf (x+Ba ) - 

~~
- erf 

~ 
x-a

/4b~t /4D2t

+ 1 (1-a) erf x+a for x > 0 . (E.6)
/4D2t

Of primary interest is the solution at x = 0 which is

T(O,t) = 12 {~~~- erf 
(—

~
-——) + -i1-~~- erf 

~P’4D2t 
(E.7)

If region 1 is taken to be constantan and region 2 is copper, T(O ,t) becomes

T(O ,t) = T2
{.
~
. erf (2/~7t) + ~~

- erf (
~~

- / ~7E) } (E. 8)

where -r = a2/D2.
Two experiments were conducted to determine the effects of surface

preparation in a geometry in which the two surfaces making up the junction

are held in contact before shock compression. The configuration for each of

these experiments Is given In Fig. E.1. In these two experiments the only 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. E.1.--Experimental Configuration Used in Shots 77-038, 77-039,
and 76-052.

L ~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-



124
controlled difference was the surface on both the copper buffer and the con-

stantan element. The materials used for the junction in both shots were B-

constantan and OFHC copper as described in section 4.2. In shot 77-038, a

highly polished surface was prepared using a series of diamond polishing

steps concluded with a final polish using 0.05 p alumina . Attention was given

throughout to maintain flatness, and this was achieved to wi thin ten wave-

lengths of li ght over 90% of the area. In shot 77-037, lapped surfaces were

prepared using a Lap,naster* lap with #1700 lapping compound. This surface is

bel ieved to have damage on the order of 10 p and perhaps as much as 30 p in

depth. The results of these two experiments, as wel l as those reported by

Nesterenko,28 are included in Table E.l. The “measured temperature” listed

in the table is to be interpreted as the temperature that would be needed for

a standard pressure thermocoupl e of the respective materials to produce the

measured emf. The vol tage-time profiles for shots 77-038 and 77-039 are

given in Fig. E.2.
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Fig. E.2. --Voltage-Time Profi les for Shots 77-038 and 77-039 .
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I

APPENDIX F

THE EFFECTS OF A CHANGING INDUCTANCE AND SPECIAL RELATIVITY

WHEN RADIAL PRESSURE RELIEF IS ALLOWED

Cons ider the effect of the changing Inductance in a thermoelectric
circuit as a possible source of the ramping discussed in section 5.1. The

pressure relief waves behind the shock will accelerate particles radially

outward. The radius of the constantan will thus be increasing wi th time . As

a model to investigate this problem consider a circuit with a constant emf

source , q, representing the thermal emf, a res istive element, R, representing

the input impedance of the recording circuit, and an inductance , L. The

inductance w ill have a component, L1, which changes with time representing

the changing inductance of the expanding conductor. The differential equation

for the circuit is

dL
L ~~ .+  I -~~~- +  IR = (F. l )

At t = 0 we will assume the current has a value •/R. This equation has

the solution

I = Ae~~
th/ t) + dL (F.2)

R + ~~~~

where
dL1

A _ _ _ _ _ _ _  — Lanu T —

R2 + R 1
dt dt 
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dL

• To estimate the value of -

~~

-

~~~~ 

we will model the expanding constantan

cylinder by the solid center conductor of a coaxial transmission line . The

inductance of a coaxial conductor of length 9. in MKS units is

p 2 .
- 0 

~ 
b + l p

L
1 

— 

27~ ‘“ a ~~~0

where p
0 

is the permeability in a vacuum , p is the permeability of the

conductor material , a is the radius of the center conductor and b is the

radius of the outer conductor. Now if a increases with time, but b

remains constant, the rate of change of the inductance is

dL1 - ~o
2. lda  F 4dt 2 t r a d t  ( . )

If a and £ are the radius and length (10 nm , and 5 nm) of the constantan
dL 4and 

~~~~~ 
has a value of 1 m/psec then -a-- has the value 1 x l0 henry/sec .

Since Eq. (F.3) is derived assuming an infinitely long coaxial transmission

l ine the value of L for the dimensions here will be inaccurate. However,
dL1this calculation should give a reasonably good approximation for

The time constant T is 0.5 ns where L = 0.05 phenry, R = 100 c2,
dL1 4and -
~~~~~

-- = 1 x 10 henry/sec . The value for R is the actual input impe-

dance for our recordi ng system and the value for L is an estimate of the

total inductance of the experimental configuration. The effect on T of the

changing i nductance is negligible.

The measured steady state emf will be

= _ _ _ _

dL

Using a binomial expansion this becomes 
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dl

= (1 - 

~-~Q-+ ( l d L )2 
+ . . . ) (F.5)

dL1 6The first term in -n-- has a value of 1 x 1O~ for the values given above

which is obviously negligible compared to 1.

Al though the assumptions made here to do this calculation are not
dL1vali d, the estimate of the value of -
~~~~~

— should be wi thin 1 or 2 orders of

magnitude. The effect of this changing inductance would still be negl igible

and could not account for the observed ramping .

To examine the relativistic effect on the electric field due to

radial pressure rel ief in the exper iments discussed in section 5.1 consider
+a conducting cylinder wi th a uniform current density I, and electric field

in the direction of the cylinder axis. The pressure relief waves from

the edges will accelerate the particles radially so that the velocity will

be perpendicular to the electric field everywhere . If the electric field is

locally unchanged in the moving material , the electric field measured in the

stationary laboratory frame is

4. 4.

E = y( E ’ — ~-x B’) (F.6)

4. 9.

where E’ and B’ are measured i n the moving frame, and

(F.7)

For a uniform radial particle velocity of 1 mm/psec, which i s larger than

• would be possible in any experiments done here, the value of y is
.4. 4. 4.

1.00000167. The term in B’ is negligible compared to E’ so that E and
+
E’ are indistinguishable in this type of experiment. 
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